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Abstract 
 
Polymer spheres dispersed in an aqueous medium, known as latex, can be used to make 
waterborne colloidal films. In this thesis research, waterborne binary colloidal polymer films 
(latexes) and polymer/inorganic filler composites were developed. The size ratio of binary 
particle blends and the volume fraction of particles were varied in order to investigate how 
these parameters affect the microstructure of two-phase colloidal films. While such colloidal 
systems are found in common applications, in particular functional coatings, there remains a 
lack of understanding and investigation in terms of understanding how the structure of two-
phase colloidal films affects their properties. 
 Following recent discoveries and theories concerning stratification in colloidal films, 
which have been largely driven by simulations, an investigation was devised to investigate 
stratification experimentally. Low glass transition temperature (Tg) (soft) latex particles were 
blended with high Tg (hard) latex particles at two large:small size ratios of 2:1 and 7:1. For 
each size ratio, the volume fraction of small particles was incrementally increased and the top 
surface of each film examined using atomic force microscopy. Analysis of AFM images leads 
to the conclusion that in dilute binary dispersions, stratification of small particles at the top of 
a film is feasible and more likely at a higher size ratio and higher Peclet number (which is 
proportional to the water evaporation rate). These results were compared to a recently 
developed model. A similar investigation was carried out at a higher solids content, as the 
model used previously was developed for dilute systems. This study concluded that 
stratification is possible in concentrated dispersions, however the parameters that influence 
stratification, such as size ratio and Peclet number, must be very high. 
 Composites were developed from a soft latex and calcium carbonate particles. Four 
sizes of calcium carbonate were used, ranging from nano to micro-sized. In recent years, 
there has been a trend towards nano-materials, which incorporate nano-sized particles to 
make composites, however there has been little consideration as to whether this approach is 
always beneficial. Through large-strain tensile analysis, dynamic mechanical analysis and 
creep analysis it was found that the incorporation of nano-particles has a strengthening effect, 
however it also induces brittleness at lower volume fractions of filler particles. The differing 
mechanical and viscoelastic properties at the various size ratios are related to differences in 
the micro-structure when the filler particles are larger/smaller than the binder particles that 
make up the continuous polymer matrix 
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Summary 
In this work the structural differences in binary latex composites are investigated, with a 
particular focus on the effect of changing size ratio. It is demonstrated that, in composites 
cast from low and high Tg latex dispersions, stratified layers of the smaller species may be 
present in the dry composite. It is highlighted that, stratification is heavily influenced by 
changing the size ratio of the two latex species, with smaller particles able to stratify at lower 
volume fractions relative to the larger species. It is also demonstrated that, stratification is 
less likely in composites cast from more highly concentrated dispersions. In the case of 
composites cast from more concentrated dispersions, stratification is only observed in films 
with a high size ratio and high volume fraction of the small species. 
 The tensile properties of the same composites were investigated in films with 
soft/hard size ratios of 1:1 and 7:1. Two distinct routes to brittleness, as the volume fraction 
of hard particles are increased, are identified. A 1:1 size ratio leads to a sharp transition from 
ductile to brittle, whereas a 7:1 size ratio leads to a more gradual decline from ductile to 
brittle. The proposed reason for the two distinct routes is a structural one, in which the 
microstructure of the binary composites prevents continuity of the low Tg phase to varying 
extends depending on both volume fraction and size ratio. 
The structural investigation of binary composites is advanced by investigating the 
structures and mechanical properties of latex/calcium carbonate composites over a range of 
size ratios, incorporating sizes of filler particles from nano-sized to micro-sized. It is 
demonstrated that smaller filler particles lead to the onset of brittleness at lower volume 
fractions than larger ones, however smaller particles also provide greater mechanical 
reinforcement at lower volume fractions in latex/calcium carbonate composites. 
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Figure 1.1 Simplified diagram of the steps of latex film formation (Image adapted from 
Keddie and Routh, Fundamentals of Latex Film Formation; Springer, 2010) 
 
Figure 1.2. Schematic of the interdiffusion of molecules across particle boundaries. Particles 
are represented two-dimensionally as hexagons. Before interdiffusion (left) polymer chains 
are enclosed in separate particles. After interdiffusion (right) polymer chains are entangled 
across particle boundaries. 
 
Figure 1.3. Schematic of (A) uniform particle distribution at Pe << 1 and (B) non-uniform 
particle distribution at Pe >> 1 from initially stable colloidal dispersion after horizontal 
deposition. 
 
Figure 1.4. Deformation map showing the drying regimes according to the Routh-Russel 
model 
 
Figure 1.5. Schematic representation of the vector layers in HCP and FCC structures. 
 
Figure 1.6. Schematic representations of the FCC (A) and BCC (B) structures. Large 
particles are blue, small particles are orange. 
 
Figure 1.7. Estimation of the percolation threshold as a function of size ratio (). 
 
Figure 1.8. Elastic modulus as a function of increasing volume fraction of hard particles. 
Figure from Chevalier et al. 
 
Figure 1.9. Schematics of latex/pigment composites below the CPVC (A), at the CPVC (B) 
and above the CPVC (C). Latex particles are yellow, filler particles are black. 
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Figure 2.1. AFM height images obtained from binary blend films for which L = 0.05 (dilute 
regime).  is shown before each row. S is varied (as stated for each column).  All image 
sizes are 5µm x 5µm. 
 
Figure 2.2. Counts of large particles per unit area, N, in experiments using particle mixtures 
with  = 2 (filled squares) and  = 7 (open circles) as a function of the volume fraction of 
small particles, s. In all experiments, L = 0.05 (dilute regime). Dotted line ( = 2) and 
dashed line ( = 7) show results from the simple geometric model given in Eq. 4. 
 
Figure 2.3. Experimental data points (obtained using AFM analysis) in comparison to the 
prediction of Equation 1 (solid line). In all experiments, L = 0.05 (dilute regime). Red open 
symbols designate stratified films according to analysis of the film surface, and filled blue 
symbols designate non-stratified. The two-colour symbol represents the intermediate 
situation. Results are presented for blends with two different size ratios:  = 2 (squares) and 
 = 7 (circles). According to ZJD model, the parameters above the line should be stratified.  
 
Figure 2.4. Images of the top surfaces of films obtained from Langevin dynamics simulations 
(upper row) and AFM topography (bottom row). For all images,  = 2 and the initial volume 
fraction of particles, tot, is 0.4. The initial volume fraction of small particles, S is shown in 
the label for each image. The area of each image is 5µm × 5µm. Particle colours in the 
simulations indicate a particular particle’s ordering parameter: hexagonal (green), square 
(red), or disordered (blue). The order parameters for small particles (in yellow) were not 
found. 
 
Figure 2.5. Images of the top surfaces of films obtained from Langevin dynamics simulations 
(upper row) and AFM topography (bottom row). For all image,  = 7 and the initial volume 
fraction of particles, tot, is 0.4. The volume fraction of small particles, S, is shown in the 
box for each image. The area of each image is 2.5 µm × 2.5 µm. Particle colours in the 
simulations indicate a particular particle’s order parameter: hexagonal (green), square (red), 
disordered (blue). The ordering parameter for small particles (in yellow) was not calculated. 
 
Figure 2.6. AFM height images of binary blend films for which  = 7 (a-c), and  = 2 (d-f). 
The initial volume fraction of particles, tot = 0.4 (concentrated regime). Three volume 
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fractions of small particles, s were used: (a), (d) s = 0.12; (b), (e) s = 0.16; and (c), (f) s = 
0.2. All images are 5 µm × 5 µm in area. 
 
Figure 2.7. Counts of large particles per unit area in experiments using particle blends with  
= 2 (filled squares) and  = 7 (open circles). The dotted line ( = 2) and dashed line ( = 7) 
show results from the simple geometric model given in Equation 4. In these experiments, the 
initial total volume fraction of particles, tot, was 0.4. 
 
Figure 2.8. Experimental data points (obtained using AFM analysis) in comparison to the 
prediction of Equation 1 (solid line). In all experiments, L + S = 0.40 (concentrated regime). 
Red open symbols designate stratified films according to analysis of the film surface, and 
filled blue symbols designate non-stratified. Results are presented for blends with two 
different size ratios:  = 2 (squares) and  = 7 (circles). 
 
Figure 2.9. SEM images of cryo-fractured cross-sections of dried films for which (a) a  = 7 
and (b) a = 2. For both samples, S = 0.2 and tot = 0.4. Scale bars are 1µm. The white line in 
(a) demarcates the boundary of the stratified layer of small particles. 
 
Figure 3.1. (a) AFM topographic image obtained from a binary film for which  = 2 and S = 
0.025. The image shows hexagonally-ordered, square-ordered, and disordered particles. Image 
area is 5 m × 5 m. (b) Image analysis highlights the different local ordering of individual 
particles in image (a). Green = hexagonal, red = square, and blue = disordered.  
 
Figure 3.2.  AFM height images of surfaces of films made from particle blends with a 
volume fraction of hard particles, H = 0.10.  Three different size ratios are presented: (a) = 
1 size with a hexagonal (FCC) structure, (b) = 7 with a hexagonal (FCC) filled structure, 
and (c) = 2 with a disordered structure. Size of all images is 5 µm × 5 µm. 
 
Figure 3.3. Representative depth profiles obtained from 5 µm x 5 µm AFM height images, 
H = 0.10 and  = 1 (blue) and  = 7 (orange). 
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Figure 3.4. 5 µm x 5 µm AFM height images in which  = 1 and H = 0.00 (A), 0.10 (B), 
0.20 (C) and 0.50 (D). Hard particles appear bright as they protrude from the surface. 
 
Figure 3.5. 5 µm x 5 µm AFM height images in which  = 7 and H = 0.00 (A), 0.05 (B), 
0.10 (C), 0.20 (D), 0.30 (E) and 0.50 (F).  
 
Figure 3.6. Representative depth profiles obtained from 5 µm x 5 µm AFM height images,  
= 7, H = 0.1 (orange) and 0.2 (green). 
 
Figure 3.7. 5 µm x 5 µm AFM height images in which  = 2 and H = 0.00 (A), 0.01 (B), 
0.025 (C), 0.05 (D), 0.10 (E) and 0.20 (F). Hard particles appear bright as they protrude from 
the surface. 
 
Figure 3.8. Graphs showing hexagonal ordering (A), disorder (B) and square order (C) as a 
function of H for soft/hard latex blends in which  = 1 (blue), 2 (orange), 7 (grey). 
 
Figure 3.9. AFM topographic images showing square ordering when  = 2 and H = 0.1. (a) 
Original image size is 5 µm x 5 µm. Highlighted sections are shown close up in (b) and (c). 
 
Figure 3.10. Graphs showing hexagonal ordering (round markers) and disorder (triangle 
markers) as a function of H, for bimodal blends, cast on non-porous glass substrates (blue) 
and porous filter paper substrates (yellow), in which a = 1 (A), 2 (B) and 7 (C).  
 
Figure 3.11. ‘Representative’ stress-strain curves, in which = 7 where H = 0.00 (Blue), 
0.10 (grey), 0.20 (green), 0.30 (yellow), 0.40 (red) and 0.50 (purple). 
 
Figure 3.12. Representative stress-strain curves, in which = 1 where H = 0.00 (blue), 0.25 
(green), 0.30 (yellow) and 0.40 (red). 
 
Figure 3.13. Strain at failure as a function of H in hard/soft latex blends in which  = 1 
(blue/square symbols) and  = 7 (orange/round symbols).  
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Figure 3.14. Schematic diagrams showing soft (blue) and hard (black) particles as H is 
increased when = 1. The progression in each row (A – D) constitutes an increase in H of 
0.10.  
 
Figure 3.15. Schematic diagrams showing soft (blue) and hard (black) particles as H is 
incrementally increased (A – D) when = 7. 
 
Figure 4.1. SEM images of individual calcium carbonate particles. Average diameter of the 
particles are shown for each image. All scale bars are 1µm. 
 
Figure 4.2. DSC results showing heat flow for P(S-BuA) (top row) and P(S-BuA) with 10 
wt.% Texanol added before casting (bottom row). The results from the first heating are 
shown in the left column, and the results from the second heating are shown in the right 
column. 
 
Figure 4.3. 2.5 µm x 2.5 µm AFM images of (A) P(S-BuA) (B) + 10 wt.% Texanol (C) + 
heat. Addition of Texanol increases the mobility of polymer chains, making particle 
boundaries less defined. Heating forms a smooth surface with no particle boundaries. 
 
Figure 4.5. Images showing the effects of sedimentation in P(S-BuA)/calcium carbonate 
composites dried under static conditions. A: Photograph of visible calcium carbonate 
sedimentation on the inside of the mould and underside of the dry film. B: SEM image of a 
cross-section of the film, at the underside of the film, after drying. The image shows a high 
concentration of sedimented calcium carbonate at the bottom of the film, with very little in 
the bulk. 
 
Figure 4.6. Apparatus used for temperature controlled tensile analysis. Image shows tensile 
apparatus (A), thermal cabinet (B), ice bucket (C), vacuum pump (D) and thermocouple (E). 
 
Figure 4.7. Representative stress-strain curves obtained at T = 30°C for poly(styrene-co-butyl 
acrylate)/calcium carbonate blends in which CC = 0.00 (orange), 0.10 (blue), 0.20 (green), 
0.30 (red), 0.35 (purple).  = 0.4 (A), 4 (B), 17 (C) and 26 (D) (shown respectively for each 
size ratio in the figure). 
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Figure 4.8. Average strain at failure for Poly(styrene-co-butyl acrylate) /Calcium Carbonate 
blends at T = 30 °C as a function of CC where  = 0.4 (red triangles),  = 4 (green 
diamonds),  = 17 (orange squares),  = 26 (blue circles).  
 
Figure 4.9. ‘Representative’ stress-strain curves obtained at T = 13°C for Poly(styrene-co-
butyl acrylate)/Calcium Carbonate blends in which CC = 0.00 (orange), 0.10 (blue), 0.20 
(green), 0.30 (red), 0.35 (purple).  = 0.4 (A), 4 (B), 17 (C) and 26 (D). 
 
Figure 4.10. Average strain at failure for Poly(styrene-co-butyl acrylate)/Calcium Carbonate 
blends at T = 13 °C as a function of CC where  = 0.4 (red triangles),  = 4 (green 
diamonds),  = 17 (orange squares),  = 26 (blue circles).  
 
Figure 4.11. ‘Representative’ stress-strain curves obtained at T = 13°C for Poly(styrene-co-
butyl acrylate)/Calcium Carbonate blends with 10 wt.% Texanol, in which CC = 0.00 
(orange), 0.10 (blue), 0.20 (green), 0.30 (red), 0.35 (purple).  = 0.4 (AB), 17 (C) and 26 (D). 
 
Figure 4.12. Average strain at failure for Poly(styrene-co-butyl acrylate)/Calcium Carbonate 
blends with 10 wt.% Texanol at T = 13 °C as a function of CC where  = 0.4 (red triangle),  
= 4 (green diamond),   = 17 (orange square),   = 26 (blue circle).  
 
Figure 4.13. Reliability plots (left column) and Weibull distributions (right column) for 
fracture data in which CC = 0.3 and  = 26. At a temperature of 30 °C (top row), the samples 
retain some ductility, while at 13 °C (bottom row) the samples are brittle. The shape 
parameter, K, is shown in the top left corner of the Weibull distributions. 
 
Figure 4.14. Bar chart showing average K values for non-plasticised samples where T = 30°C 
(blue shades) and T = 13 °C (red shades) and plasticised samples where T = 13 °C (green 
shades). Lighter shaded bars (on the left side) show data for  < 1. Darker shaded bars (on 
the right) show data for  > 1. 
 
Figure 4.15. (A) Storage modulus and (B) loss modulus for Poly(styrene-co-butyl 
acrylate)/Calcium Carbonate blends as a function of temperature where CC = 0.20 and  = 
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0.4 (red),  = 4 (green),  = 17 (orange),  = 26 (blue). Data for Poly(styrene-co-butyl 
acrylate) without any calcium carbonate (CC = 0.00) are shown for comparison (grey). 
 
 
Figure 4.16. (A) Storage modulus and (B) loss modulus for Poly(styrene-co-butyl 
acrylate)/calcium carbonate blends as a function of temperature where CC = 0.35 and  = 0.4 
(red),  = 4 (green),  = 17 (orange),  = 26 (blue). Data for Poly(styrene-co-butyl acrylate) 
without any calcium carbonate (CC = 0.00) are shown for comparison (grey). 
 
Figure 4.17. (A) Storage modulus and (B) loss modulus for Poly(styrene-co-butyl 
acrylate)/calcium carbonate blends with 10 wt.% Texanol as a function of temperature where 
CC = 0.20 and  = 0.4 (red),  = 4 (green),  = 17 (orange),  = 26 (blue). Data for 
Poly(styrene-co-butyl acrylate) without any calcium carbonate (CC = 0.00) are shown for 
comparison (grey). 
 
Figure 4.18. (A) Storage modulus and (B) loss modulus for Poly(styrene-co-butyl 
acrylate)/calcium carbonate blends with 10 wt.% Texanol as a function of temperature where 
CC = 0.35 and  = 0.4 (red),  = 4 (green),  = 17 (orange),  = 26 (blue). Data for 
Poly(styrene-co-butyl acrylate) without any calcium carbonate (CC = 0.00) are shown for 
comparison (grey). 
 
Figure 4.18. (A) Storage modulus and (B) loss modulus for Poly(styrene-co-butyl 
acrylate)/calcium carbonate blends with 10 wt.% Texanol as a function of temperature where 
CC = 0.35 and  = 0.4 (red),  = 4 (green),  = 17 (orange),  = 26 (blue). Data for 
Poly(styrene-co-butyl acrylate) without any calcium carbonate (CC = 0.00) are shown for 
comparison (grey). 
 
Figure 4.20. Creep analysis for Poly(styrene-co-butyl acrylate)/Calcium Carbonate blends, 
obtained at T = 13°C, where (A)  = 26 and (B)  = 0.4. CC = 0.00 (grey), CC = 0.10 
(green), CC = 0.20 (orange), CC = 0.30 (red). 
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Figure 4.21. Creep analysis for Poly(styrene-co-butyl acrylate)/Calcium Carbonate blends 
with 10 wt.% Texanol, obtained at T = 13°C, where (A)  = 26 and (B)  = 0.4. CC = 0.00 
(grey), CC = 0.10 (green), CC = 0.20 (orange), CC = 0.30 (red). 
 
Figure 4.22. Cryo-fractured SEM images of Poly(styrene-co-butyl acrylate)/Calcium 
Carbonate blends in which  = 0.4 where CC = 0.10 (A) and 0.35 (B). Dashed line highlights 
continuity of the polymer phase. The paths are longer in (A) compared to (B). Encapsulation 
of some individual polymer spheres are highlighted with dashed circles in (B). 
 
Figure 4.23. Schematic diagrams of polymer/calcium carbonate blends.  = 0.4 (to scale) at 
(A) low CC and (B) high CC. Polymer spheres are blue and calcium carbonate fillers are 
yellow. 
 
Figure 4.24. Cryo-fractured SEM images of Poly(styrene-co-butyl acrylate)/Calcium 
Carbonate blends in which  = 26 where CC = 0.20 (A) and 0.35 (B). 
 
Figure 4.25. Schematic diagrams of polymer/calcium carbonate blends.  = 26 
(approximately to scale) at (A) low CC and (B) high CC. Polymer spheres are blue and 
calcium carbonate fillers are yellow. 
 
Figure 4.26. Storage modulus at temperatures equal to the Tg and Tg ± 20°C of poly(styrene-
co-butyl acrylate) where (A) CC = 0.2 and (B) CC = 0.35 without Texanol and (C) CC = 0.2 
and (D) CC = 0.35 with 10 wt. % Texanol. The colours represent the various size ratios:  = 
0.4 (red),  = 4 (green),  = 17 (orange),  = 26 (blue). For comparison, data for samples that 
contain no calcium carbonate (CC = 0.00) are also shown (grey). 
 
Figure 4.27. Enhancement factor at temperatures equal to the Tg and Tg ± 20°C of 
poly(styrene-co-butyl acrylate) where (A) CC = 0.2 and (B) CC = 0.35 without Texanol and 
(C) CC = 0.2 and (D) CC = 0.35 with 10 wt. % Texanol. The colours represent the various 
size ratios:  = 0.4 (red),  = 4 (green),  = 17 (orange),  = 26 (blue). 
 
 xiii 
 
Figure 4.28. Representative creep fits using Burger’s model for (A) CC = 0.20,  = 0.4, 
without Texanol at 30°C and (B) CC = 0.1, a = 26 at 30°C. Purple crosses show data points; 
blue line shows the Burger model fit. Time is in seconds and strain is shown as ∆L/L. Inset 
shows values calculated for each parameter. 
 
Figure 4.29. Values obtained from Burger’s model showing (a) EH, (b) EK, (c) k and (d) N 
as a function of CC where  0.4 (blue) and = 26 (orange). T = 30°C. 
 
Figure 4.30. Values obtained from Burger’s model showing (a) EH, (b) EK, (c) k and (d) N 
as a function of CC where a 0.4 (blue) and a = 26 (orange). T = 30°C. 
 
Figure 4.31. Values obtained from Burger’s model showing (a) EH, (b) EK, (c) k and (d) N 
as a function of CC where  = 0.4 (blue) and  = 26 (orange). T = 13°C. 
 
Figure 4.32. Enhancement factor of the linear components of the Burger’s model, EH (left 
column) and n (right column), for P(S-BuA)/calcium carbonate composites as a function of 
CC for non-plasticised samples at T = 30°C (top row) and plasticised samples at T = 13°C 
(bottom row). Data are presented for two different size ratios:  = 0.4 (red) and  = 26 (blue). 
 
Figure 4.33. Enhancement factor of the viscoelastic components of the Burger’s model, EK 
(left column) and K (right column), for P(S-BuA)/calcium carbonate composites as a 
function of CC for non-plasticised samples at T = 30°C (top row) and plasticised samples at T 
= 13°C (bottom row). Data are presented for two different size ratios:  = 0.4 (red) and  = 
26 (blue). 
 
 
 
Figure 4.34. Average elastic modulus (MPa) as a function of average toughness (Jm-3) of 
samples without Texanol at 30°C (outline), with Texanol at 13°C (no outline) and without 
Texanol at 13° (outline, patterned symbol), where  = 0.4 (round symbols), 4 (square 
symbols), 17 ( triangle symbols) and 26 (diamond symbols). CC = 0 (black symbols), 0.1 
(red symbols), 0.2 (blue symbols), 0.3 (yellow symbols). 
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1. Introduction 
 
Aqueous dispersions of polymer colloids, known as latexes, are of great interest to many 
industries including coatings1, paints2, inks3, adhesives4, agricultural coatings5 for seeds and 
leaves and many more. The use of latex in various has been enabled by significant research 
into understanding film formation and developing new technologies.   Much is understood 
about the stages and mechanisms for latex films obtained from colloidal dispersions 
containing one type of particle with a large body of literature outlining these film formation 
mechanisms6. While colloidal latex dispersions are already used effectively in many 
industries, there is a need to develop more advanced materials. One of the ways in which 
more specialized materials can be developed is through the use of bimodal colloidal 
dispersions. Some areas of interest include using particles of different sizes to control and 
design particular structures, using hard and soft blends to control the mechanical properties of 
a film, making composites using inorganic filler particles, or combinations of the approaches. 
A greater understanding of how size ratio affect bimodal structures and their resultant 
properties could lead to us being able to design film formation to suit industrial needs such as 
controlled porosity7,8, adhesion to substrates9 or scratch resistance10.  
 
1.1. Latex Film Formation 
A latex film is formed when a stable colloidal dispersion is transformed into an array of 
densely packed, coalesced particles. Latex particles can be defined as either ‘hard’ or ‘soft’. 
A soft particle has a glass transition temperature (Tg) below the film formation temperature. 
A hard particle has a Tg above the film formation temperature. If film formation occurs above 
a particle’s Tg, it will deform, coalesce and interdiffusion will occur. At temperatures below a 
particle’s Tg, the particle will retain its shape. Though we can consider many steps of this 
process and there is a large body of literature reporting these in great detail, the process can 
generally be summarized in three significant steps1 shown figure 1.1:  
 
1.) Water loss – Water leaves the dispersion through evaporation and/or substrate 
absorption 
 2 
 
 
2.) Deformation of Particles – As the particles come into close contact they will deform 
to fill the voids around them 
 
3.) Interdiffusion and Coalescence – Polymer chains diffuse across the particle 
boundaries, leading to a continuous film. 
 
 
Figure 1.1 Simplified diagram of the steps of latex film formation (Image adapted from 
Keddie and Routh, Fundamentals of Latex Film Formation; Springer, 20105) 
 
In the research for this thesis it is important to understand latex film formation in detail as 
stage one is key to stratification and ordering, while stages two and three are significant in 
relation to the mechanical properties of bimodal latex blends and latex composites. 
 
1.1.1   Stage 1 – Evaporation of water  
In a horizontal deposition method on a non-porous substrate, water loss occurs through 
evaporation from t = 0, where t = time, until a dry film is achieved. Evaporation occurs at the 
air-water interface at a rate close to that of pure water1. The parameters that affect 
evaporation rate are temperature, vapour pressure of the water surface and partial pressure of 
water vapour in the air. While film thickness affects the overall drying time, it does not 
necessarily have an effect on the drying rate. As evaporation occurs, the concentration of 
water in the dispersion is reduced, while the concentration of the polymer phase increases. As 
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the volume fraction of the polymer particles increases, the particles come closer together until 
they are close packed. The volume fraction at which this occurs is dependent on the particle 
packing structure (and will be discussed in greater detail later), however typically close 
packing occurs in monosized colloidal materials at a volume fraction () of  = 0.60 – 0.6411. 
 
1.1.2   Stage 2 – Deformation of Particles 
There are three defining features at this stage. Firstly, there is a significant reduction in the 
rate of water loss from the film as a result of reduced diffusivity of water to the surface of the 
film. This occurs due to deformation of polymer spheres which reduces the size of the 
channels between particles through which water can diffuse. Secondly, it is the stage at which 
optical clarity of the film occurs due to the deformation of particles resulting in voids closing 
and a continuous film. Deformation of particles will only occur above certain temperatures 
specific to the polymer(s) used; this is known as the minimum film formation temperature 
(MFFT). As evaporation continues, as a result of interfacial and capillary forces, deformation 
of particles occurs when particles become close packed, at a concentration close to 0.6. As 
deformation occurs, and the particles deform, the concentration tends towards 1. The typical 
structure here is the honeycomb structure12 (as shown in stage 3 in Figure 1.1). The 
honeycomb structure is derived from a face-centred cubic array in which each particle has 12 
nearest neighbours13. As a result of deformation each particle takes up the shape of a rhombic 
dodecahedron (a polyhedron with 12 congruent rhombic faces); again this is reliant on film 
formation occurring above the MFFT of the polymer phase.  If film formation occurs below 
the MFFT of the polymer, a film will be cracked and/or opaque and powdery14. 
 
1.1.3   Stage 3 – Interdiffusion and Coalescence  
Interdiffusion is the process by which, mobile polymer chains diffuse across particle 
boundaries, when latex spheres of the same species come into contact and the temperature is 
above the polymer’s glass transition temperature. Below a polymer’s Tg, interdiffusion will 
not occur. During the process of interdiffusion, entanglement of polymer chains may occur, if 
they are longer than the entanglement molecular weight, Me
15. Entanglement occurs due to 
the process of reptation, in which polymer chains travel through a network of entanglements 
in a snake-like fashion, during the process the chains become intertwined and therefore 
entangled16. Interdiffusion is key to the mechanical strength of a film, as it imparts 
mechanical strength across the initially weak particle boundaries17’
18.  As film formation 
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occurs, the polymer molecules at the particle boundaries become more entangled over time, 
therefore increasing a film’s mechanical strength19.  The diffusion rate of polymer chains 
across polymer particle boundaries is increased with increased temperature20 and reduced 
molecular weight21. When interdiffusion is great enough that its distance of travel exceeds a 
polymer’s radius of gyration, neighbouring particles become indistinguishable from one 
another22. A basic schematic of the process of interdiffusion can be seen in Figure 1.2. 
 
The rate of water loss is reduced considerably during this final stage of film formation. By 
the time the film has reached this stage the vast majority of water has left the film; 
evaporation of residual water within the bulk of the film is limited by the rate at which water 
is transported to the air-polymer interface. 
 
 
Figure 1.2. Schematic of the interdiffusion of molecules across particle boundaries. Particles 
are represented two-dimensionally as hexagons. Before interdiffusion (left) polymer chains 
are enclosed in separate particles. After interdiffusion (right) polymer chains are entangled 
across particle boundaries. Image adapted from ref 6. 
 
1.2.  Film Formation Mechanisms 
Before we begin to consider designing colloidal based latex films, we must first define and 
understand the external conditions that can influence how film formation proceeds, 
particularly during the drying stage. Possibly the most influential and most studied variable is 
the evaporation rate of drying films. For water to be evaporated from the wet dispersion, 
energy must be provided from the surroundings; the latent heat of vaporisation for water is 
2260 kJ/kg. This means that if a wet dispersion of latex contains 1 kg of water, 2260 kJ of 
Before Interduffusion After interduffusion 
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energy must be provided to obtain a dry latex film. Having said this, as discussed earlier, the 
evaporation rate of water is not always constant in that once close packing occurs the rate of 
water loss from a latex film is significantly reduced. 
 
Particle deformation is an essential step in latex film formation and occurs when soft particles 
come into close packing. During this stage, the particles deform to fill the voids around them; 
there are several different mechanisms polymer particles can undergo during this stage.  
 
1.2.1 Wet Sintering 
One such mechanism, proposed by Vanderhoff et al.19 is wet sintering. In this mechanism, 
reduction of the interfacial energy between the water and the polymer is the driving force 
behind deformation. Particles deform because when their surfaces are pushed together, the 
interfacial free energy is decreased as the interfacial area with water is reduced.  
1.2.1 Dry Sintering 
Another mechanism behind particle deformation is dry sintering, originally proposed by 
Dillon et al.23. This regime is a similar mechanism to wet sintering, however the driving force 
behind deformation is the air-polymer interfacial energy, as opposed to the polymer-water 
interfacial energy. This mechanism is observed when the evaporation rate is fast, relative to 
the rate of particle deformation. Therefore, particles are surrounded by air when they deform. 
Experimental evidence for dry sintering was given by Sperry et al.24 who dried films below 
the glass transition of the polymer, preventing deformation in the wet phase, then raised the 
temperature of the dry films above the glass transition of the polymer and observed 
deformation.  
 
1.2.2 Capillary Deformation 
Another documented mechanism is capillary deformation. This type of deformation is driven 
by the air-water interface between particles. In this mechanism, originally proposed by 
Brown25, a meniscus forms in the neck region between particles creating a ‘capillary 
pressure’, which is a negative pressure in the water. Water is pushed to the top of the film 
simultaneously with a particle compression. 
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1.2.3 Receding Front 
The receding front mechanism was proposed by Keddie et al.26. This is an inhomogeneous 
regime which begins as capillary deformation as described previously. The deformation has 
not finished by the time the capillary pressure reaches its maximum. The air-water interface 
recedes beneath the particles undergoing capillary deformation, leaving behind dry particles 
that have not fully deformed. The deformation mechanism then switches to a dry sintering 
mechanism until particle deformation is complete.  
1.2.4 Sheetz Deformation 
A final mechanism to be discussed in this section is Sheetz deformation or ‘skinning’, 
proposed by Sheetz27. This mechanism is essentially the result of vertically inhomogeneous 
drying where a skin forms on top of the dispersion below. The formation of this skin layer 
vastly decreases the evaporation rate of the fluid below the skin. In this regime, particles 
accumulated at the top surface have a significant amount of time to undergo wet sintering. 
 
1.3. Models for drying 
1.3.1 Peclet Number 
Accumulation of particles at the air-water interface, as seen in the Sheetz deformation 
mechanism, is largely dependent on the rate of evaporation from a film and the time it takes 
for a particle to diffuse within a film. Accumulation of particles at the air-water interface will 
occur when the evaporation rate is faster than the particle diffusion rate. As the surface of the 
film lowers, it will sweep up slow diffusing particles leading to inhomogeneous 
compositions. A ratio of these two times can be defined by the dimensionless ‘Peclet 
number’.  
 
For a film with a given initial wet thickness, H, the time for evaporation, tevap, is expressed as 
the thickness of the film divided by the evaporation rate, ?̇? (expressed as a velocity): 
 
𝑡𝑒𝑣𝑎𝑝 =  
𝐻
?̇?
 
 
While the particle diffusion time, tdiff, is inversely related to the particle’s diffusion 
coefficient, D0: 
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𝑡𝑑𝑖𝑓𝑓 =  
𝐻2
𝐷0
 
 
In the dilute limit, D0 is given by the Stokes-Einstein relation: 
 
𝐷0 =  
𝑘𝑇
6𝜋𝜇𝑅
 
 
Here, k is the Boltzmann constant, T is temperature, µ is the solvent viscosity and R is the 
particle radius. The final expression for the Peclet number can be defined as: 
 
𝑃𝑒 =  
𝑡𝑑𝑖𝑓𝑓
𝑡𝑒𝑣𝑎𝑝
=  
6𝜋𝜇𝑅𝐻?̇?
𝑘𝑇
 
 
With the exception of temperature, the Peclet number increases as any of the other 
parameters increase, indicating increased drying non-uniformity with increasing viscosity, 
particle size, film height and evaporation rate. Temperature is inversely proportional to Peclet 
number, so as the temperature increases, one may expect that the Peclet number will be 
reduced and more uniformity is observed (Provided that ?̇? remains constant). However, in 
most systems temperature and evaporation rate are intrinsically linked with an increase in 
temperature resulting in an increase in evaporation rate. Further to this, in a polymer the 
viscosity is also linked to the experimental temperature. In reality, as the temperature is 
increased, the viscosity will decrease. Inspection of the Peclet equation shows that the change 
in viscosity will have a greater impact on diffusion than the change in temperature, therefore 
as temperature is increased it should be predicted that increase. 
 
A value for Pe which is greater than 1 indicates that diffusion is slow relative to the 
evaporation rate and particle distribution will be non-uniform. If particle coalescence occurs, 
then a skin layer can be formed as described in the Sheetz deformation mechanism. A value 
for Pe which is less than 1 indicates that there should be a uniform particle distribution 
throughout the film. 
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Figure 1.3. Schematic of (A) uniform particle distribution at Pe << 1 and (B) non-uniform 
particle distribution at Pe >> 1 from initially stable colloidal dispersion after horizontal 
deposition. 
 
1.3.2 The Routh-Russel Model 
Routh and Russel developed the most complete model for predicting and controlling drying 
and deformation regimes. Using the Peclet number and another dimensionless group, ?̅?, 
which is the time for film compaction divided by 𝑡𝑒𝑣𝑎𝑝, the mechanism of deformation can be 
predicted. The time for film compaction is related to the time it takes for particles to deform 
through either dry sintering, wet sintering or capillary forces. ?̅?, which takes into account the 
zero shear-rate viscosity of the polymer, 𝑛0, and the surface tension of water, 𝛾𝑤𝑎, is given 
as: 
 
?̅? =
𝑛0𝑅?̇?
𝛾𝑤𝑎𝐻
 
 
 
Deformation maps can be used to predict which type of particle deformation a given film will 
undergo. Deformation maps have previously been presented by Routh and Russel28 (Figure 
1.4) and can be a powerful tool in predicting how film formation will proceed for a given set 
of parameters.  
A 
B 
Pe << 1 
Pe >> 1 
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Figure 1.4. Deformation map showing the drying regimes according to the Routh-Russel 
model.28  
 
Gonzalez et al.29 used Routh-Russel deformation maps to successfully predict deformation 
behaviours. Using an infrared lamp they were able to adjust the temperature and therefore the 
evaporation rate and polymer viscosity to move to different positions on the deformation 
map. They found that, in accordance with the Routh-Russel map, to avoid skin formation, ?̅? 
must not be too low. To achieve a suitably high value of ?̅?, the temperature and evaporation 
rate (controlled by the power density of the IR lamp) must not be too high. Using the 
deformation map as a guide, they were able to produce good quality films from hard latex 
spheres. 
 
1.4. Stratification 
A stratified film is one in which the distribution of two (or more) populations of particles is 
not homogeneous throughout the film, instead particles are stratified into layers of a 
particular species. Stratified films are of great interest for many applications, including 
optics30, energy storage31, biomedicine32 and photovoltaics33 as they hold the potential to 
allow for particular regions, within a film, to have differing properties. For example, one may 
wish to create a film with adhesive properties at the substrate interface, with a scratch 
resistant surface.  
 
?̅? 
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1.4.1 Layer-by-layer Assembly 
Currently, multi-step, layer-by-layer methods are commonplace technologies used to create 
multi-layered films. These are processes in which layered nano-films are formed step by step, 
rather than a single step process. Generally, layer-by-layer assembly methods rely on charged 
particles being adsorbed to a substrate, being washed, then an oppositely charged particle 
being adsorbed34; this is a cyclical process which can be repeated until layers of the desired 
thickness are deposited. The most widely used layer-by-layer assembly method is ‘immersive 
assembly’. In this method, a substrate is immersed into a solution of the coating material35 
followed by washing to remove excess, unbound material36. The process can then be 
repeated. The immersion time required for the assembly of polymers is typically 15 minutes 
for suitable deposition of each layer37, it is therefore a labour intensive and time consuming 
method.  
 
Spin coating allows for faster assembly and deposition of particles, compared to immersive 
assembly, with a timescale of seconds rather than minutes. However, spin coaters are, 
generally, only suitable for use with flat surfaces, whereas immersive assembly allows for 
deposition on substrates of any shape. In this method, colloidal material is sequentially 
deposited onto a spinning substrate38, the speed of which can be used to control the thickness 
of the layer39. Another commonly utilised layer-by-layer assembly method is ‘spray 
assembly’, in which solutions of the colloidal material to be deposited is aerosolized and 
sequentially sprayed onto a substrate40. Spray assembly is typically faster than immersive and 
spin coating techniques41,42. A limitation of the technique is that prepared films may not be 
homogeneous due to increased deposition where solution drips occur or undesirable patterns 
caused by the spray-nozzle41,43.  
 
All these layer-by-layer technologies are used commercially to create multi-layered colloidal 
films. While each technique comes with its own advantages and disadvantages, they all share 
one common limitation: they are all sequential processes. This means that they can be labour 
intensive and time consuming, therefore there is a demand for one-step processes that can be 
used to create films with a similar level of control of the thickness and properties of stratified 
layers. 
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1.4.2 Self-assembly 
 
Self-assembly methods, in which a colloidal material is deposited and stratified layers of 
particles develop without any external intervention, may provide an alternative to sequential 
deposition methods. Historically, there have been reports of stratification in binary latex 
blends and latex/nanoparticle composites, however many of these reports are accompanied by 
a limited or no explanation for stratification, or were not followed up by rigorous 
experimental study. For example Eckersley and Helmer reported that in blends of soft and 
hard latex particles, as the size ratio was increased, a greater proportion of small particles 
were present at the surface44. Harris et al.45 used evaporative lithography to create patterned 
colloidal assemblies. In their experiments, they used a patterned mask above the drying film 
to create differences in evaporation rates between masked and unmasked areas. They found 
the small particles migrated to the unmasked areas, where the evaporation rate was faster. 
They proposed that the small particles were drawn to the unmasked areas due to a pressure 
gradient caused by capillary tension at the liquid menisci.  
 
Luo et al.1 studied microstructure development in latex/ceramic nanoparticle blends, in which 
the latex particles had a diameter of 550 nm and ceramic nanoparticle aggregates had a 
median diameter of 150 nm. Using Cryo-SEM to image the drying films at various stages, 
they showed that, large latex particles and nanoparticles accumulated at the surface, with the 
large latex particles creating an ordered hexagonal structure, with the nanoparticles filling the 
spaces between the latex particles. They proposed that, nanoparticles, within the 
consolidation front, were transported to the menisci between latex particles at the surface by 
convective flow. Cryo-SEM and AFM confirmed an excess of nanoparticles at the surface 
(relative to their initial volume fraction). They found that increasing the rate of evaporation 
and the volume fraction of nanoparticles increased the thickness of the nanoparticle rich 
layer. Ma et al.46 identified a similar phenomenon in which they saw a higher concentration 
of small particles, in soft small/large hard latex blends, near the air water interface, relative to 
close to the substrate. They also proposed that small particles were drawn to the air/water 
interface by convective flow through the pores between large particles, and that they were left 
there because the rate of evaporation was faster than Brownian diffusion. All of these reports 
of stratification, or accumulation of particles at the surface of a film, share a common theme, 
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in that they are all reports of stratification by size during drying, without external 
manipulation to encourage stratification. 
 
 
1.4.3 Stratification by Size 
 
Stratification by size represents the most promising and studied mechanisms to develop a 
one-step process to create stratified films from colloidal particles. According to the Stokes-
Einstein equation the diffusion coefficient for a colloidal particle is inversely related to its 
size; large particles will diffuse more slowly than small ones. Trueman et al.47,48 showed that, 
in binary films, at intermediate evaporation rates, slow diffusing large particles accumulated 
at the top surface of a film, while small, faster diffusing particles, were more homogeneously 
distributed throughout the films. In this strategy, the Peclet numbers of the two particle types 
must straddle unity, meaning that the large particle Peclet number (PeL) is greater than one, 
while the small particle Peclet number (PeS) is less than one. Their simulations highlighted 
that, at high volume fractions, size driven stratification is inhibited. This is an example of 
how Peclet numbers can be utilised to cause accumulation of large particles at the surface of 
the film. However, as reported in Section 1.4.2, there are many reports of systems in which 
accumulation of small particles is observed. We will now consider mechanisms for creating 
stratified layers of small particles. 
 
A mechanism for stratification by size was proposed by Fortini et al.49 in which both large 
and small particles have a Peclet number greater than unity. As the air/water interface 
descends during drying, an osmotic pressure gradient develops, which pushes particles 
downwards in the dispersion. The osmotic pressure gradient pushes large particles away 
faster than small particles, thus creating a depletion of large particles at the top surface of the 
final film, and a corresponding accumulation of small particles. Their work investigated 
stratification, using both simulations and experiments, in binary dispersions with a size ratio, 
, of 7:1. Stratification was observed when the volume fraction of small particles was 
sufficiently high, relative to the volume fraction of large particles. Their simulations 
confirmed that the downward velocities of the large particles is greater than that of the small 
particles. They presented a physical model, which relates the difference in particle velocities 
to the size ratio, : 
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∆𝑣 =  𝑣𝐿 − 𝑣𝑆 =  −
1
𝜀
𝜕𝑃
𝜕𝑧
(𝛼2 − 1) 
 
Here, , is a drag factor, which is related to the viscosity of the liquid the particles are 
dispersed in; 𝜕P/𝜕z is the osmotic pressure gradient, which is proportional to the evaporation 
rate. The findings of Fortini et al. were supported with simulations by Howard et al.50. The 
simulations showed that the speed at which the stratified layer of small particles grows, as 
well as the size of the stratified layer, increased when  was increased. 
 
Further evidence that size ratio is a key driver of stratification was presented by Martin-
Fabiani et al.51, who studied a bimodal system in which  had an initial value of 7. The small 
particles had poly(methacrylic acid) (PMAA) chains on the surface, which are collapsed at 
low pH. When the pH was increased, the PMAA chains extended, as their affinity with water 
increased, resulting in an effective increase in particle size. By changing the pH, they varied 
the size of the small particles, while keeping the number of particles constant. Therefore, as  
decreased, S increased. When  was high and S was low, they created stratified films, 
however when  was decreased and S increased, they found that the width of the stratified 
layer decreased until there was no segregation at high pH. They argued that, as  tends 
towards unity, the relative downward velocities between small and large particles decreases, 
and that, at high values of S, particle jamming occurs earlier and therefore there is less time 
available for stratification. 
 
More recently, Zhou et al.52. considered the cross-interactions terms in the diffusion of binary 
colloidal particles, which depend on the concentration gradient of the smaller colloids and , 
to predict the conditions under which stratification will occur in dilute, binary colloidal 
systems. They derived an equation (Eq 1) that defines the conditions in which stratification 
will occur, for the dilute regime. The boundary between stratified and non-stratified was 
presented as: 
 
        𝛼2(1 +  𝑃𝑒𝑆)𝜙𝑆 = 1    (1) 
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where S is the initial volume fraction of small particles and PeS is the Peclet number of the 
small particles. According to the boundary conditions, stratification of small particles is 
favourable with a high size ratio, , high initial small particle volume fraction, S, and large 
small particle Peclet number, PeS. Interestingly, they found that stratification was unaffected 
by the initial volume fraction of the large particles, L, as long as the dispersion remained 
dilute. The results of Zhou et al.’s model, which we will refer to hereafter as the ZJD model, 
are largely in agreement with the results of Fortini et al.49. At present, the ZJD model 
provides the best framework for understanding and controlling stratification by self-assembly 
and, therefore, requires further experimental investigations to determine its validity and how 
it can be utilised in the quest for self-assembled stratified films. 
 
1.5. Ordering and Particle Packing in Colloidal Arrays 
1.5.1 Ordering in Monodisperse Colloids 
 
One of the remarkable properties of colloidal materials is that, relatively simple systems are 
able to ‘self-assemble’ into complex, repeating arrays53. It is well understood that, 
monodisperse spherical colloidal particles will arrange themselves into a face-centred-cubic 
(FCC) or hexagonal-close-packed (HCP) array, as the volume fraction of the dispersion 
approaches 55%.54 This ordering enhances the entropy of the system, as this phase transition 
increases the local free space available for individual spheres, compared to the disordered 
phase. The FCC structure has been shown to be the densest possible arrangements of 
monosized spheres, with a volume fraction of 74%55,56. This is easily proved, when we 
consider that the total density of a colloidal structure is the ratio of the volume of the 
colloidal spheres to the volume of space that they occupy. For regular close packed 
structures, HCP or FCC, this can be expressed as: 
 
√2𝜋
6
 = 0.7405 
 
An important consideration to highlight, in monodisperse hexagonal packing arrangements, is 
the distinction between FCC and HCP structures. When considered in terms of vector layers, 
FCC and HCP structures are made up of three layers of hexagonally ordered spheres. In an 
HCP structure, the spheres in the first and third vector layer are positioned identically within 
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their vector layer; that is they have an ...ABABAB... stacking sequence. In an FCC structure, 
the first and third vector layers are orientated in opposite directions, thus, FCC structures 
have an ...ABCABC... stacking sequence57. The two structures are shown in Figure 1.5. In the 
case of colloidal, hard spheres, which have no means of ‘communication’ with each other, it 
has been proposed that neither FCC nor HCP would be favoured, and, therefore, a more 
likely system is one in which both FCP and HCP coexist58. This means that a random 
stacking of vector layers is to be expected, for example ...ABCABAC...  
 
 
Figure 1.5. Schematic representation of the vector layers in HCP and FCC structures. 
 
1.5.2 Structures in Binary Colloids 
In a binary system, the packing structure is dependent on the size ratio, , of small and large 
particles59. In has been shown that, in binary systems (in which  is not so large that small 
particles are able to fill the interstitial voids between the large particles) with a mixture of A 
and B spheres, when 2.2 < < 4.2 an NaCl (AB) FCC structure is likely, and when 1.6 >  > 
2.1 an AlB2 (AB2) body-centred-cubic structure (BCC) is likely. These two structures are 
shown in Figure 1.6. 
 16 
 
Figure 1.6. Schematic representations of the FCC (A) and BCC (B) structures. Large 
particles are blue, small particles are orange. 
 
Further to these well studied structures, it has been shown that colloidal nanoparticles can 
self-assemble into a myriad of different structures, which reflect a number of ionic crystals, 
with various stoichiometries. Some of the ionic crystal structures, which have been reported 
in colloidal self-assembly include CuAu, MgZn2, MgNi2, Cu3Au and Fe4C to name but a 
few54. Recently, self-assembled colloidal structures have been utilised for use in industries as 
nanofluidic sieves60 and photonic nanostructures61, including optical displays and biological 
sensors. 
 
 
1.5.3 Random and Disordered Packing 
The traditional view of random close packing (RCP) is that a maximum density for randomly 
packed spheres is attainable, and that this must be a universal quantity. A classical study by 
Scott and Kilgour62, in which ball-bearings were vibrated in a cylinder, until they reached a 
maximum density (C), produced a result of C ≈ 0.637. This is a value that had largely been 
accepted as the maximum density for RCP spheres. However, since then, computer 
algorithms have been utilized to study random packing of spheres, which have yielded results 
of C = 0.60 to 0.6863,64,65. It has been shown that, in colloidal dispersions, the RCP jammed 
state occurs at a volume fraction of approximately 0.6466.  
 
While structural order is well studied in binary colloidal structures, disorder in binary 
structures is less well documented. Studies of ‘artificially random media’ have identified a 
number of interesting phenomena, including coherent light backscattering, random lasing and 
strong light localisation. In the pursuit of disordered photonic glass, efforts have been made 
to induce disorder in materials made from monodisperse colloids67. Garcia et al.68 induced 
A B 
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‘controlled’ disorder into materials cast from polystyrene spheres, by adding various 
concentrations of salts into the wet dispersions before casting, and shaking the suspension 
under ultrasound, to induce flocculation of the colloidal particles. Therefore, upon casting of 
the suspensions, agglomerates were unable to form well-ordered structures. They showed that 
by increasing the salt concentration in the initial dispersion, the particles flocculated into 
larger agglomerates, and therefore more disordered structures in the final films.  
 
In a study of the void content of soft latex particles blended with hard, non-film-forming 
particles, Keddie et al.69 found that, the addition of hard particles, of a different size, even at 
low concentrations, increased the size of voids, and decreased the density, in the final films. 
An increase in the size of voids is a strong indication of inducing disorder in a latex film. 
They also showed evidence of disorder in their SEM images of binary latex films. Shi and 
Zhang70 carried out simulations of bimodal spheres with size ratios ranging from 1.1 to 3.0. 
Interestingly, they found that the packing density increased as the size ratio was increased, 
however the average coordination number, which shows how many neighbouring particle 
contacts each particle has on average, decreased as the particle size ratio increased. They 
found that the packing density was highest when the small particle was small enough to fill 
the interstitial voids between large particles (at a size ratio of  = 3). 
 
1.5.4 Particle Packing at High Size Ratio 
 
It is established that, in binary blends of large and small colloidal particles, if the size ratio is 
sufficiently high, small particles will fill the interstitial voids between the large particles71. In 
experiments, in which binary blends of hard spheres were vibrated until a maximum packing 
density was reached, McGeary72 found that the packing density increased as the size ratio of 
the spheres increased. They stated that, ‘for efficient packing there should be at least a 
sevenfold difference between the sphere diameters of the various individual components’. 
The reason for this is that the secondary phase needs to be small enough to be able to fit 
through the ‘triangular pores’ in the structure of the large particles. 
 
Tzitzinou et al.71 studied the void concentration in binary latex blends; they found that at a 
large:small size ratio of 6:1, the void concentration reached a minima at a small particle 
concentration of 16.5%, which corresponds to a small:large number ratio of 43:1. A small 
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particle concentration of 16.5%, roughly corresponds to the critical volume fraction, C, at 
which the small particle concentration is high enough that the small particles will form a 
continuous phase. The results of Tzitzinou et al. are consistent with the concept of phase 
continuity, developed by Kusy73, which calculates the volume fraction of small particles 
required to form a continuous phase, as a function of the size ratio.  
 
The concept of phase continuity should not be confused with that of percolation theory. 
Percolation theory calculates the volume fraction of a species of particles, within a binary 
system, at which connectivity of a path of particles within that species occurs74. This critical 
volume fraction is known as the percolation threshold, pc. For the same system, the 
percolation threshold volume fraction is lower than the volume fraction required for a 
continuous phase, C. It is well known that the percolation threshold of particles in a binary 
blend varies with varying particle size. Consider a material comprised of two species of 
particles, I.E. species A and species B. If the size of species A is reduced, while that of 
species B remains constant, the percolation threshold of species A will be lower than that of 
species B (in terms of volume fraction); this relationship is shown in Figure 1.7. It is worth 
noting that, if we consider the same material, as the size of species A is reduced the number 
ratio of that species at which percolation will occur increases.  
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Figure 1.7. Estimation of the percolation threshold as a function of size ratio ().74 
 
1.6. Mechanical Properties of Latex Films and Composites 
In this discussion of the mechanical properties of latex films and composites, various studies, 
which encompass a broad scope of work, will be discussed. We will examine the properties 
which can be affected/controlled in latex films and composites, therefore we will first 
introduce key definitions of these: 
 
 Young’s modulus 
o A low strain property, which is a measurement of stiffness. It is 
calculated as the ratio of stress to strain during elastic deformation.  
 Yield stress 
o Recorded after the elastic region, the stress at which permanent, plastic 
deformation occurs, such that large strain can be achieved, with no 
additional stress applied. This differs from the elastic limit, which is 
the stress at which permanent deformation occurs, however, large 
strain is no exhibited at this stress. If an applied load below the elastic 
limit is removed, the material will return to its original shape. 
 Strength 
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o The maximum stress a material can withstand under uniaxial tension 
before failure.  
 Toughness 
o The amount of energy dissipated as a material is strained until failure. 
 Strain at failure 
o The total strain at the point of fracture. 
 
1.6.1 ‘Soft’ and ‘Hard’ Latex Blends 
A significant consideration when discussing the mechanical properties is the glass transition 
temperature (Tg) of the polymer or polymers in a latex film. The definition and significance 
of a polymer’s Tg is discussed in Section 1.1. Here we will discuss the mechanical properties 
of blends of ‘soft’ and ‘hard’ latexes. The main motivation for blending ‘soft’ and ‘hard’ 
latexes, is to develop functional coatings, without the release of volatile organic compounds. 
When a ‘soft’ latex is cast into a film, the resultant coating will be soft, with poor block 
resistance44. While soft latexes, with poor block resistance, have uses, such as adhesives, they 
are generally unsuitable for many coating applications, where protective properties, such as 
good block and scratch resistance, are desired; these are properties which are typical of ‘hard’ 
latexes. Unfortunately, ‘hard’ latexes are also non-film-forming, due to the fact that, by 
definition, high Tg latexes will not deform and coalesce; as discussed in Sections 1.1.2 and 
1.1.3, the processes of deformation and coalescence are essential to form a continuous 
polymer matrix. In an effort to develop coatings, with reduced or no VOCs, blends of ‘soft’ 
and ‘hard’ latexes have been studied14. This approach has been shown to combine the film-
forming properties of the ‘soft’ latex, with the block resistance properties of the ‘hard’ 
component. 
  
Lepizzera et al75. investigated the maximum volume fraction of hard particles in soft/hard 
latex blends which still give rise to crack-free, translucent films (max). They found that max 
is constant when the Tg of the soft component was below 0 °C, however they found that max 
decreases when the Tg of the soft component increases. Friel
76 blended soft (binder) latex, 
with hard latex. The latexes had Tgs of ~ 5 °C and ~ 60 °C respectively, and were composed 
of the same co-monomers. In the blends, the amount of soft, binder latex was always greater 
than that of the hard latex, therefore ensuring the hard particles remained dispersed 
throughout the binder phase. It was reported that continuous films were cast, with 
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significantly improved block resistance, relative to films formed from the soft latex alone. 
Colombini et al.77 studied a similar system, in which soft and hard particles were blended; 
they also investigated the effect of particle size ratio, with soft:hard size ratios of 1:1 and 4:1. 
They found that MFFT and storage modulus were increased as the soft:hard size ratio was 
increased. Using TEM they were able to identify a continuous soft phase, when the soft 
particles were small, relative to the hard particles. Conversely, they were also able to identify 
that the soft phase was non-continuous when the soft particles were large relative to the hard 
particles. 
 
Chabert et al.78 examined the effect of addition of hard ‘filler’ particles and thermal annealing 
of hard/soft latex blends (filler-filler interactions) on the viscoelastic properties of latex films. 
They reported mechanical reinforcement as hard particles were added, however, mechanical 
reinforcement was not linear; they saw a significant increase in elastic modulus around 20% 
(the point at which percolation was expected). They reported that when hard particles are 
heated above their glass transition temperature, a significant reinforcement of the elastic 
modulus occurs. Again, this reinforcement takes place near the hard particle percolation 
threshold. This was attributed to the formation of a ‘quasi-rigid structure’ formed from the 
network of thermally annealed hard particles. At lower concentrations the viscoelastic 
properties of their films were largely unaffected.  
 
Chevalier et al.22 also reported a large increase in the elastic modulus of a film with the 
addition of hard-hard particle contacts when a percolating network occurred. Their results are 
shown in Figure 1.8. Significant mechanical reinforcement was achieved when these films 
were heated above the Tg of the hard particles leading to some coalescence of the particles at 
their points of contact.  
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Figure 1.8. Elastic modulus as a function of increasing volume fraction of hard particles. 
Figure from Chevalier et al.22  
 
 
1.6.2 Plasticisation 
Those working with latex regularly use the terms ‘soft’ and ‘hard’ to define whether a latex 
will deform and coalesce at a given temperature; discussion of the relevance of these terms in 
relation to film formation can be found in Sections 1.1.2 and 1.1.3, while a discussion on the 
relevance of these terms in relation to the final, mechanical properties of latex films can be 
found in section 1.6.1. It has been continually highlighted that whether a latex is soft or hard 
is determined by the Tg of that latex; here we will discuss plasticisation of latexes. In simple 
terms, plasticisation can be considered a method of lowering the Tg of a latex, generally with 
the aim of making a hard latex softer. Industrially, a common use for plasticisers is to make a 
film-forming coating from non-film forming particles, using a volatile plasticiser. Once film-
formation has occurred, the volatile substance evaporates, and the Tg of the polymer increases 
to leave behind a film-formed hard coating6.  
 
Addition of plasticisers must be controlled and precise, in order to achieve the desired, new 
‘target’ Tg. One of the simplest way of determining the amount of plasticiser to use to achieve 
a given Tg, is to use the Fox relation. This is a relatively accurate approximation that 
considers the Tgs of the polymer and the plasticiser (Tgpol and Tgplast) and the weight fractions 
of the polymer, Wpol, and the plasticiser, Wplast. The Fox relation is given as
79: 
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1
𝑇𝑔 𝑏𝑙𝑒𝑛𝑑
=
𝑊𝑝𝑜𝑙
𝑇𝑔 𝑝𝑜𝑙
+
𝑊𝑝𝑙𝑎𝑠𝑡
𝑇𝑔 𝑝𝑙𝑎𝑠𝑡
 
 
The effect of plasticisers80 is to lower a polymer’s Tg and aid film formation. The addition of 
plasticisers cause an increase in the diffusion coefficient, allowing for increased diffusion of 
polymer chains over a given time period. Greater chain mobility results in a lowering of the 
Tg and a lowering of the viscosity. 
 
As plasticisers reduce the Tg of a film, it is then also expected that plasticisation must have 
some effect on the tensile properties of a film. Lim and Hoag81 tested, experimentally, the 
effect of four plasticisers on an amphiphilic polymer. They tested the effect of plasticisation 
on the glass transition temperature, tensile strength, percent elongation, toughness and 
Young’s modulus. They found that all four plasticisers reduced the glass transition 
temperature, tensile strength and Young’s modulus, while increasing the percent elongation 
and toughness. The four plasticisers affected the same polymer to different degrees; this work 
highlights the need for careful selection and control of the plasticiser and relative amounts 
when modifying the mechanical properties of polymers. The results of Lim and Hoag are in 
good agreement with those of Jacobsen and Fritz82, who examined the effects of three 
biocompatible plasticisers on an aliphatic polymer. 
 
1.6.3 Latex Composites and Effect of Size Ratio 
A composite is a material that is composed of two or more constituent materials. In the 
context of latex composites, the material is composed of a latex (or latices) with some form 
of ‘filler particle’, often in the form of hard, inorganic fillers such as calcium carbonate, zinc 
oxide or aluminium oxide. Hard/soft latex blends can also be considered composites, 
however these were already discussed in section 1.6.1. Here, we will discuss only inorganic 
filler particles. Fillers may be added to a latex, to make a composite, for a multitude of 
reasons, such as modification of the mechanical properties, altering the appearance or 
reducing production costs83. 
 
Often referred to as nanocomposites, blends of polymer colloids and inorganic nanoparticles, 
such as carbon nanotubes or clay platelets, have been identified as a way to evenly disperse 
nanoparticles in a polymer matrix; this was demonstrated by Grunlan et al.8485 who produced 
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a ‘segregated network’ of carbon nanotubes (CNTs) evenly dispersed around the interfaces of 
colloidal polymer particles. ‘Segregated networks’ have become a common target of colloidal 
composites, generally through addition of CNTs86,87,88.  When these segregated networks are 
formed, mechanical properties can substantially improve with small additions of filler 
particles, for example, in an adhesive colloidal polymer, a 0.3 wt.% addition of carbon 
nanotubes doubled the amount of strain at adhesive failure and increased adhesion energy by 
85%89. In a similar colloidal polymer system studied by Dufrense et al.90 the addition of up to 
3 wt.% carbon nanotubes to latex resulted in reinforced composites with no reduction in 
strain at failure. 
 
As discussed in Section 1.6.1, Chabert et al.78 blended poly(butyl acrylate) with silica. They 
observed a significant reinforcement effect around the percolation threshold. In earlier 
work91, they also showed that reinforcement could occur, within a latex matrix, at very low 
volume fractions of fillers, as long as the fillers have a very high aspect ratio. Similar results 
were presented by Hagan et al.92 who blended fillers with varying aspect ratios with latex 
paints. While investigating storage modulus, they demonstrated that through the addition of 
filler particles, all samples exhibited increased moduli, however the greater the aspect ratio of 
the fillers, the greater the enhancement observed. 
 
While the advances in composites formed of high aspect ratio particles have been significant, 
the effects of cheaper, inorganic fillers, such as calcium carbonate, have been somewhat 
overlooked, despite being a common, cost-effective component in latex coatings. One area in 
which the effect of these types of fillers on the properties of latex has received attention is in 
the effort to reinforce natural rubber latices. Reinforcement of natural rubber latices is 
desirable as they are used to make surgical gloves, which suffer from tears and punctures. In 
these systems it has been shown that the addition of calcium carbonate to natural rubber 
latices results in increased viscosity and reduced elongation at break. Further to this, Cai et 
al.93 showed the tensile strength of natural rubber latex to improve incrementally until the 
calcium carbonate content reached 20%, at which point tensile strength and viscosity 
decreased. Manroshan and Baharin’s94 study into the effect of increasing calcium carbonate 
content in composites formed from a prevulcanized latex compounds supported the findings 
of Cai et al..  
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Ji et al.95 showed how the addition of hard ‘filler’ particles affected the tensile modulus 
(Young’s modulus) of polymer nanocomposites. They proposed a model to calculate the 
tensile modulus of polymer nanocomposites which took into account the size, shape and 
volume fraction of the filler particles. They showed that when the hard filler particles are at 
the same volume fraction, the size of the particles becomes of importance; small particles 
have a greater effect on the tensile modulus than large ones because tensile modulus is 
greatly affected by the interfacial region between the filler and the matrix. 
 
Pukanszky at al.96 described how the yield stress of polymer-filler blends was dependent on 
the composition. They derived the following equation: 
 
𝜎𝑦 = 𝜎𝑦0
1−𝜑𝑓
1+ 2.5𝜑𝑓
𝑒𝑥𝑝(𝐵𝜑𝑓)     (2) 
 
in which y and y0 are the yield stresses of the composite and the polymer matrix, f is the 
volume fraction of the filler, and B represents the interaction of the filler and the matrix. The 
surface interaction parameter B can be obtained by: 𝜕ln𝜎𝑦𝑟𝑒𝑙(𝜕𝜑f)
−1. The parameter B has 
been shown to be dependent on morphology; in blends of two polymers, two values for B 
were obtained, depending on which was the continuous phase and which was the dispersed 
phase97. 
 
A slight modification of equation 2 gives the relative tensile strength, yrel, of the 
composite98: 
 
                         𝜎𝑦𝑟𝑒𝑙 =  
𝜎𝑦
𝜎𝑦0
 
1+2.5𝜑𝑓
1−𝜑𝑓
      (3) 
 
Vidovska et al.99 related the size ratio and the volume fraction of hard particles in bimodal 
blends to tensile properties of latex films. Four series of soft/hard blends were made with 
each series ranging from 0% - 100% hard particles. Films that did not form at room 
temperature (due to being above the critical volume fraction of hard particles) were 
compression moulded at 180 °C. They showed that the storage modulus of a latex film is 
enhanced as a function of hard particle volume fraction, at temperatures between those of the 
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low Tg soft particles and the high Tg hard particles. They also showed that the strain-at-break 
decreases, while stress-at-break increases, as a function of increasing hard particle volume 
fraction. Yield stress was also shown to increase with hard particle volume fraction. It was 
shown that the value of yield stress for a blend will be somewhere between those of the 
moduli of the two individual components of the blend.   
 
In a discussion of composites, we must also discuss the critical pigment volume concentration 
(CPVC) and expand on the discussion of percolation (introduced in Section 1.5.4), 
specifically in relation to their relevance to the mechanical properties of composites. The 
CPVC is a broadly universal term, which can be applied to all binary coatings and 
composites, which defines the minimum volume of pigment (or filler) particles at which there 
is sufficient binder to disperse (or wet) all the filler particles. An increase in the pigment 
volume, above the CPVC, results in void formation and more pigment-pigment contacts, as 
there is not sufficient binder to keep all the particles dispersed. Schematics of latex-pigment 
above, at and below the CPVC are shown in figure 1.9. 
 
Figure 1.9. Schematics of latex/pigment composites below the CPVC (A), at the CPVC (B) 
and above the CPVC (C). Latex particles are yellow, filler particles are black. 
 
1.6.4 Mechanical Properties of  Non-Latex Polymer 
Composite Systems 
 
Section 1.6.3 discussed the effect of the addition of filler particles to latex films to create a 
latex composite. The industrial trend, towards the use of latex, is still relatively young, 
therefore the body of literature relating specifically to the mechanical properties of latex 
composites is small. Therefore, to gain a better understanding of how filler particles may 
affect latex composites, we will review the effects of hard filler particles in other polymer 
systems, which has received significantly more attention. The mechanical properties of 
polymer composites can be difficult to predict, as there are multiple parameters, such as filler 
A C B 
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size, interfacial adhesion strength and particle loading, which can affect any given property. 
Due to this complex array of parameters, there have been many studies on polymer 
composites, which investigate the effect of one, or some, of these parameters on one or some 
of the properties highlighted in the first paragraph of Section 1.6. 
 
The Young’s modulus of a composite is strongly influenced by particle loading, due to the 
fact that the rigidity of a polymer matrix is generally far lower than that of an inorganic filler 
particle. There is a vast body of work showing that a composite’s Young’s modulus increases 
with increased particle loading. For example, in work carried out by Ou et al.100 the modulus 
of nylon 6 is increased with the addition of silica. Similar results are consistently observed 
throughout the literature101,102,103. 
 
While particle loading clearly influences the Young’s modulus of a composite, the effect of 
particle size is less obvious. Various studies have reported that the filler particle size has 
little, or no, effect the Young’s modulus of a composite104,105,106,107,108,109,110,111,112. Despite the 
vast number of studies that have reported that the size of filler particles does not affect the 
Young’s modulus, it has been reported that when the filler particle size is decreased 
sufficiently, an increase in the Young’s modulus can be observed113. It is reported that if the 
filler particle size is decreased to a critical size, circa. 30 nm, that the Young’s modulus is 
increased. Douce et al.114 observed that, the Young’s modulus decreased, as the particle size 
increased from 15 to 35 nm. In the work by Douce et al., amongst others115, the increase in 
moduli, as a result of decreased filler particle size, is exacerbated with increased particle 
loading. Since the Young’s modulus is measured at low strain, it has been consistently 
observed that it is largely unaffected by particle/matrix interfacial adhesion116,117,118,119. The 
only case in which surface treatment of filler particles affects the Young’s modulus, is one 
that surface treatment increases the crystallinity of the polymer matrix, increasing the 
Young’s modulus120.  
 
The strength of a composite, measured as the maximum stress a material can be subjected to, 
under uniaxial tensile testing, is known to be affected by addition of filler particles. In 
instances where filler particles are added to a material, specifically to create a stronger 
material, it is vital to understand the parameters which affect this property. Filler particle size 
has been shown to have a significant effect on the strength of a composite. Pukanszky121 
tested the strength of polypropylene/calcium carbonate composites, as a function of particle 
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loading, across four filler particle sizes ranging from 10 nm to 58 µm. It was shown that, for 
any given volume fraction of filler particles, as the particle size is decreased, the strength of 
the composite is increased. Interestingly, it was also shown that, for particle sizes of 80 nm or 
more, increased particle loading resulted in decreased strength, while the 10 nm particles 
resulted in increased strength with increased particle loading. Various studies have reported 
that decreasing the mean filler particle size results in increased strength108,122,106,123,124. The 
conclusion of these studies is that, decreasing the particle size, results in a greater filler 
surface area for a given volume of filler. Increased surface area of fillers, results in a more 
efficient stress transfer mechanism. 
 
Composite strength has also been shown to be highly dependent on the particle/matrix 
interfacial adhesion quality. The literature shows examples of studies in which increased 
particle loading, both increases and decreases the strength of a composite. These mixed 
results are due to the particle/matrix interfacial adhesion quality. For a composite to have a 
high strength, there must be effective stress transfer between filler particles and the matrix. If 
the particles are well bound to the matrix, they can support an applied load, and therefore 
increasing the particle loading results in a stronger composite. If the particles have poor 
adhesion to the matrix, then the opposite is true. When a load is applied, debonding of the 
filler particles and the matrix occurs, resulting in a weakened composite. Therefore, 
increasing the volume fraction of filler particles results in a decrease in composite strength. 
 
1.7. Overview and Objectives 
 
At the present time, stratification of colloidal materials remains a young and growing area of 
colloidal research. In our literature review, we have highlighted some formative pieces of 
work, most notably Fortini et al.49, who brought attention to a previously unknown 
mechanism of stratification, and Zhou et al.52, who have developed the first predictive model 
for stratification. We have also highlighted several pieces of work, in which stratification, or 
an excess of small particles at the film surface, was observed. While small-on-top 
stratification had been observed, it remained, largely, unexplained until the publication of 
work by Fortini et al. and Zhou et al..  
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In our work on stratification, we will aim to build on the recent progress made by carrying 
out what is, to our best knowledge, the first comprehensive, experimental study of the 
mechanism described by Fortini et al. We will test the boundary condition (Equation 1) 
presented by Zhou et al., by controlling the size ratio and Peclet numbers of latex blends. We 
will employ AFM imaging to examine the top surface of latex blends, and develop a 
quantitative method to determine where stratification has occurred. The aim of this work is to 
determine the accuracy of the boundary condition set out by Zhou et al., initially in dilute 
dispersions, for which the boundary condition is designed for. Following this we will 
determine its accuracy in more concentrated dispersions, which holds more relevance for 
industrial uses. We aim to determine if, and how, stratification can be controlled in binary 
latex systems. In the bigger picture of this area of research, this is the next logical step 
towards understanding and designing stratified materials for industrial use.  
 
In Chapter 3, using the same materials used in Chapter 2, we will carry out an investigation 
into particle ordering in latex films, and how particle ordering affects the mechanical 
properties of a latex film; while we will investigate several properties, there will be an 
emphasis on fracture and transition from ductile to brittle material. In our literature review, 
we have highlighted that, by controlling the size ratio in binary colloids, various structures 
and modes of particle ordering can be observed. While many of these structures are not 
feasible in latex systems, due to the size, and relative difficulty of controlling a self-assembly 
process, however it has still been shown that, by controlling size ratio, different structures can 
be developed. Using AFM imaging, we will examine particle ordering at the film surface, of 
binary latex blends, at three size ratios at increasing particle loading. Computational analysis 
will be employed to determine particle ordering parameters, which will show, quantitatively, 
what fraction of each surface shows hexagonal order, square order and disorder. 
 
We will combine our particle ordering analysis with tensile analysis, through which we will 
investigate the strain at failure as a function of particle loading, as a means to investigate the 
transition from ductile material to brittle material. We will then attempt to relate the particle 
ordering results to the fracture analysis. While mechanical properties of latex films is a 
relatively well studied area, there have been few studies with an emphasis on fracture 
properties. Further to this, to our knowledge, this will be the first attempt to combine a 
quantitative order analysis with an investigation into mechanical properties of binary latex 
films. 
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In Chapter 4, we will use the same tensile analysis to investigate the fracture properties of 
latex composites, in which calcium carbonate will act as a filler particle. In our literature 
review, we highlighted multiple studies which have investigated mechanical properties of 
latex composites. While there is a large body of work in this area, the vast majority of this 
work focusses on three properties: Young’s modulus, strength and toughness. Arguably, the 
most influential parameter on these properties, has been shown to be the size of filler 
particles. Further to this, the majority of these investigations are focussed on solvent cast 
polymers. In our study, we will focus on the influence of filler:latex size ratio on the fracture 
properties of latex composites. Of particular interest, as it is in Chapter 3, is the transition 
from ductile material to brittle material. We will also employ SEM analysis to investigate the 
structure of latex composites in the bulk of the film. In addition to tensile analysis, we will 
also investigate creep phenomenon in the same latex composites. The aim of this chapter is to 
determine how the filler:latex size ratio affects the strain at failure, and therefore the ductile-
brittle transition in latex composites, which remains a relatively less-studied property at the 
present time. 
 
The overall objective of this thesis is to provide a greater understanding of stratification in 
colloidal materials, which have promising future applications as functionalised coatings. We 
will also extend on the current body of literature of hard/soft latex composites and 
latex/inorganic filler composites by studying the effect of size ratio on brittleness and 
fracture.
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2. Stratification in Binary 
Colloidal Polymer Films: 
Experimental Test of Diffusion 
Model 
2.1 Introduction 
 
Stratified films are desirable for many applications1,2,3,4 because they allow for the top, 
bottom or bulk regions to have differing properties. The ability to create multi-layered 
colloidal films holds the potential to create new, or improve current, industrial applications 
for latex and other colloidal materials. For example, typically, car paints consist of four 
layers, each with different functionalities, which must be sprayed and dried layer by layer; 
this is therefore a time and labour intensive process. This process could be improved through 
application of a multi-component, single-spray coating, which stratifies into its constituent 
layers. While stratification has been reported in several studies of drying colloids, the process 
is far from fully understood and more research is required in order to accurately predict and 
control stratification.  
 
Currently, the most promising route to controllable stratification is through stratification by 
size. Stratification of particles in a drying film will occur in a mixture of two (or more) types 
of particle when there are differences in their diffusivity. When the top surface of a wet film 
descends during evaporation, colloidal particles will accumulate near the liquid/air interface 
if their diffusivity is slow relative to evaporation. The relative rate of evaporation over 
diffusion is expressed as a Peclet number, Pe. The full theory of the Peclet number was 
discussed in Section 1.3.1. When designing colloidal films, the Peclet number can be 
controlled through formulation and processing. The parameters which can be varied to alter 
the Peclet number are particle size, solvent viscosity, temperature, film height and 
evaporation rate. 
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It has been shown that, in a dispersion of large and small, in which the large particles diffuse 
slowly (Pe > 1) and the small particles diffuse quickly (Pe < 1), stratification by size can 
occur at intermediate evaporation rates5,6. In this regime, the slow diffusing large particles 
accumulate at the air-water interface, while the small particles are more evenly distributed. 
The final structure in this regime is a large-on-top structure, however it should be noted that 
complete stratification did not occur, as small particles were still present in the layer of large 
particles. 
 
It has been shown that, in a dispersion of small and large particles, in which both Peclet 
numbers are greater than 1, that a small-on-top structure can be created. Fortini et al.7 
discovered and proposed a mechanism for such a system. As evaporation proceeds, both 
particle types accumulate near the top surface, creating a heterogeneous dispersion. An 
osmotic pressure gradient, caused by the high concentration of particles near the top of the 
drying film, pushes the particles near the top surface downwards. The pressure gradient acts 
more strongly on the large particles, pushing them further down than the small particles; 
therefore an accumulation of small particles occur. More recently, Fortini and Sear8 presented 
simulations of polydisperse colloids in which stratification by size occurs. 
 
The findings of Fortini et al. were supported by additional simulations and the use of 
dynamical density functional theory by Howard et al.9 They found that a stratified layer of 
small particles grew faster and thicker when  was higher. Stratification occurred even at 
lower evaporation rates where Pe was near unity. 
 
Zhou et al.10 derived an equation, applicable for a dilute binary mixture of particles, which 
defines the parameter space where stratification is expected in two component, dilute 
colloidal dispersions. The boundary between stratified and non-stratified regimes was 
presented as: 
 
     𝛼2(1 +  𝑃𝑒𝑆)𝜙𝑆 = 1    (1) 
 
where s is the initial volume fraction of small particles. 𝑃𝑒𝑆 refers to the Peclet number for 
the small particles. Stratification is favourable with a high size ratio (), a large 𝑃𝑒𝑆, and a 
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high initial volume fraction of small particles (𝜙𝑆). Interestingly, Zhou et al. found that 
stratification is not influenced by the initial concentration of large particles, L. The results of 
Fortini et al. are largely in agreement with Zhou et al.’s model, which we will refer to 
hereafter as the ZJD model.  
 
In this chapter, we examine, experimentally, whether stratification occurs in systems with one 
of two different size ratios:  = 2 and = 7. We will consider, both, dilute systems, where S 
is varied and L is fixed to a value of 0.05, and more concentrated systems in which S + L = 
0.4. We compare our experimental results to the predictions of the ZJD diffusion model. 
These experiments constitute the first systematic tests of the ZJD model. The aim of this 
chapter is to provide a comprehensive set of experimental data to build the understanding of 
stratification in colloidal films.  
 
2.2 Materials and Techniques 
2.2.1 Latex Synthesis 
Latices were prepared by emulsion polymerisation of methyl methacrylate (MMA), butyl 
acrylate (BA) and methacrylic acid (MAA) at Akzo Nobel Decorative R&D (Slough, UK). A 
monomer ratio of 18.3:13.3:1 of MMA:BA:MAA made a copolymer with a Tg of ca. 40 °C 
(determined by differential scanning calorimetry with a heating rate of 10 °C/min. (TA 
Instruments, New Castle, DE, USA)). Two sizes of these ‘hard’ particles were synthesized 
(see Table 2.1). Through the same method, ‘soft’ particles were synthesised with a higher 
proportion of BA to yield a copolymer with a Tg of 12.9 °C. Synthesis of these particles is 
described in greater detail in a previous publication.11 The particle diameters and 
polydispersity index (PDI) were measured using dynamic light scattering (Malvern Zetasizer 
Nano Series, Malvern, UK). 
 
Hard nanoparticles (with a hydrodynamic diameter of 54 nm) were prepared through 
emulsion polymerisation of MMA, BA and MAA. A description of the synthesis is provided 
elsewhere12. For the purposes of this work, the particles will be named according to their 
relative diameter (large (Lg), medium (Med), small (Sm)) and type (hard (Hd) of soft (Sf)), 
i.e. ‘LgHd’ denotes ‘large hard’ particles. The particles are summarised in Table 2.1.  
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Table 2.1. Characteristics of the particles used in the experiments 
Particle 
Name 
Hydrodynamic 
Diameter, dh 
(nm) 
PDI 
Tg  
(°C) 
LgSf 378 0.069 12.9 
MedHd 181 0.005 41.1 
SmHd 54 0.242 33.6 
 
Mixtures of soft and hard particles were made by mixing the dispersions of the particles listed 
in Table 2.1. They are named according to their nominal size ratio of large to small particles 
(). Compositions with a range of volume fractions of small particles, S, and large particles, 
L, were made. Table 2.2 lists the initial volume fraction of the mixtures used in experiments. 
In the first series of experiments, the suspensions were dilute; L was fixed at 0.05 and S was 
always below 0.1. In the second series of experiments, the suspensions were concentrated 
with the total initial volume concentration, tot, set to 0.4. 
 
Table 2.2. Binary mixtures used in the experiments 
 
 
 
 
 
 
 Composition S L 
2 LgSf + MedHd 
(dilute) 
0.004, 0.02, 0.05, 0.08 0.05 
2 LgSf + MedHd 
(concentrated) 
0.004, 0.01, 0.02, 0.04, 0.08, 0.12, 0.16, 0.2 0.4 - S 
7 LgSf + SmHd 
(dilute) 
0.004, 0.02, 0.05, 0.08 0.05 
7 LgSf + SmHd 
(concentrated) 
0.02, 0.04, 0.08, 0.12, 0.16, 0.2 0.4 - S 
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2.2.2 Film Formation 
Glass substrates (18 mm × 18 mm) were cleaned in acetone in a sonicating bath for 5 min.  
They were dried using nitrogen gas and placed in a UV ozone cleaner (Bioforce, 
Nanosciences) for 5 min. to produce a hydrophilic surface. The volume fraction of particles 
in the initial dispersion was reduced, as needed, by dilution with deionised water. Films were 
cast by depositing 0.05 mL from a pipette onto the substrate and then spreading to coat the 
entire surface area. When tot = 0.4, the initial thickness of the films was estimated to be H = 
0.16 mm. Films were formed in static air at a room temperature of approximately 22 °C and 
relative humidity of 50%. Under these conditions, the evaporation rate, E, of water in a latex 
film has been reported to be 1.1 × 10-7 m/s (expressed as the velocity of the falling surface), 
and this is taken as the value in our calculations that follow. 
 
2.2.3 Image Analysis 
Images of the surface of each of the surfaces of each of the cast films were obtained using an 
atomic force microscope (NTEGRA, NT-MDT) and analysed using NT-MDT Nova software. 
An NT-MDT Au-coated cantilever with a nominal spring constant of 0.5 N/m was used. 
Images were obtained using intermittent contact over areas of 5 µm × 5 µm and 2.5 µm × 2.5 
µm for qualitative analysis and over areas of 5 µm × 5 µm for quantitative analysis of the 
surface ordering.  
 
2.2.4 Scanning Electron Microscopy 
SEM images were obtained using a JEOL JSM-7100F electron microscope. Before imaging, 
samples were sputter coated with a 2 nm layer of Au. For cross-sectional imaging, films were 
submerged in liquid nitrogen until frozen then snapped between two glass microscope slides, 
using plastic tweezers. Images were obtained using an accelerating voltage of either 5 or 10 
kV.  
 
2.3 Results and Discussion 
We will first review the experimental results for films made from suspensions that were 
initially dilute. We use AFM analysis to determine if a greater number of small particles is 
found at the top surface than is expected from a random mixture. An excess of small particles 
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is taken as a signature of stratification. After exploring the dilute regime, we next present 
experimental results and simulations for films deposited from concentrated suspensions.  
 
 
 
2.3.1 Dilute Regime 
We start by presenting the surface structures of films in which L was fixed at 0.05 and S 
was varied. AFM images were obtained from the surfaces of films cast from mixtures with  
= 2 and  = 7. The small, hard particles do not deform during film formation, and hence they 
protrude from the film surface, making them apparent in the AFM topographic images. 
Representative images obtained with both size ratios, with S increasing from 0.004 to 0.08, 
are presented in Figure 2.1. 
Figure 2.1. AFM height images obtained from binary blend films for which L = 0.05 (dilute 
regime).  is shown before each row. S is varied (as stated for each column).  All image 
sizes are 5µm x 5µm. 
 
When the initial volume fraction of small particles is low (S = 0.004) there are ordered 
regions of large particles at the film surface, in experiments with both size ratios. Only a few 
small particles can be seen. In contrast, when S = 0.08 the surfaces are nearly fully covered 
with small particles. It is apparent that an increase in the number of small particles has a 
pronounced effect on the surface structure.  
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To test whether there is an excess of small particles at the interface we compared the surface 
compositions with a model that assumes that the particles are randomly mixed. For the 
situation in which there are n small particles (with a diameter of dS) per every large particle 
(diameter of dL), the number of large particles per unit area, N, is given via a simple 
geometric model as:  
                                                    𝑁 =  
4𝑓
(𝜋𝑑𝐿
2+𝑛𝜋𝑑𝑆
2)
         (4) 
 
Here, it is assumed that the particles cover a fraction, f, of the area of the surface. For 
hexagonal packing of mono-sized circles, f is defined as 𝜋/(2√3). In our experiments, we 
measured the number of particles per unit area through the analysis of AFM images to 
investigate the extent of stratification. The units for dL and dS  are micrometres, as the AFM 
images studied are 5 µm x 5 µm. This gives a value of N as number of particles per µm2 
(#/µm2). 
 
Particles were counted in AFM images manually. Particles with their areas being 50% or 
more visible contributed to the count total; those less than 50% visible by eye were not 
counted. An experimental result in which the number of large particles per unit area is lower 
than the simple theoretical prediction indicates that stratification of small particles has 
occurred at the top of a film. The AFM images studied were 5 µm x 5 µm, therefore the value 
counted per image was divided by 25 to give an experimental count with units of #/µm2 (in 
accordance with the units for N as calculated in Eq. 4.) 
 
Figure 2.2 shows the number density of large particles at the film surfaces determined 
experimentally compared with the geometric model assuming random mixing (given by Eq. 
4) for both size ratios as S is increased. The figure shows for the lowest value of S (0.004) 
that the number of large particles at the film surface is consistent with the predictions of the 
model. However, for the highest S (0.05 and 0.08), the number of large particles falls toward 
zero and is much lower than predicted by the model. This analysis indicates that stratification 
of the small particles in a layer at the top of the film has occurred. For the intermediate 
concentration,S = 0.02, the number density of large particles is approximately one-half what 
is expected from the model, which we consider to be partial stratification. 
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Figure 2.2. Counts of large particles per unit area, N, in experiments using particle mixtures 
with  = 2 (filled squares) and  = 7 (open circles) as a function of the volume fraction of 
small particles, s. In all experiments, L = 0.05 (dilute regime). Dotted line ( = 2) and 
dashed line ( = 7) show results from the simple geometric model given in Eq. 4. 
 
Next, these experimental results are compared to the predictions of the ZJD model. For each 
experiment,  and S are known. For the small particles, 𝑃𝑒𝑆 is defined as: 
 
                 𝑃𝑒𝑆 =  
𝐻𝐸
𝐷𝑆
=  
𝐻𝐸(3𝜋𝜇𝑑𝑆)
𝑘𝐵𝑇
,     (5) 
 
where H and E are as reported here earlier, and DS is the Stoke-Einstein diffusion coefficient 
for the small particles. To calculate DS, the viscosity of the continuous phase (water) is taken 
to be   = 1 × 10-3 Pa s, kB is Boltzmann’s constant, T is the absolute temperature during 
drying (taken to be the room temperature), and dS is the hydrodynamic particle diameter for 
the small particles in the particular mixture, as was listed in Table 2.1. Thus, experimental 
values were obtained for each of the parameters in Eq. 5. In typical experiments, PeS had 
values of 2.2 for the SmHd particles and 7.4 for the MedHd particles. 
 
Following on from the simple analysis presented in Figure 1.2, each of the surface structures 
of the samples was classified as being either (1) stratified, (2) non-stratified, or (3) 
intermediate. The stratification of the binary colloidal films are represented in relation to the 
ZJD model by the symbols in Figure 2.3. The region above and to the right of the solid line 
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presenting Eq. 1 is where stratification is predicted. At S = 0.004, the films are not stratified 
in experiments, as is expected from the theory. At S = 0.05 and S = 0.08, the films are 
stratified, which is also consistent with the theory. At the intermediate composition of S = 
0.02, there is an intermediate amount of stratification, and the two data points straddle the 
line separating the stratified and non-stratified regions. 
 
A clear weakness in our experimental analysis is that we only consider the surface structure 
here, and we do not obtain depth profiles of particle concentrations. The theory defines the 
stratified state as having a decreasing concentration of large particles going toward the 
surface (a negative concentration gradient). Without sub-surface information, the 
stratification cannot be fully characterised. 
Figure 2.3. Experimental data points (obtained using AFM analysis) in comparison to the 
prediction of Equation 1 (solid line). In all experiments, L = 0.05 (dilute regime). Red open 
symbols designate stratified films according to analysis of the film surface, and filled blue 
symbols designate non-stratified. The two-colour symbol represents the intermediate 
situation. Results are presented for blends with two different size ratios:  = 2 (squares) and 
 = 7 (circles). According to ZJD model, the parameters above the line should be stratified.  
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2.3.2 Concentrated Regime: Low S 
 
Colloidal films used in a variety of applications are often deposited from a concentrated 
dispersion, rather a dilute system. Therefore, stratification in concentrated dispersions is of 
great practical interest, and hence it is considered next. We present experiments and 
simulations in which TOT was fixed at 0.4, as S and L were varied. 
 
Figures 2.4 and 2.5 present a series of AFM images of the surfaces of colloidal films as S 
was increased with  = 2 and  = 7, respectively. In conjunction with the experimental 
results, Langevin dynamics simulations were also conducted. From these simulations, the 
final snapshot of the top surface of the film was captured by Dr Andrea Fortini. The surfaces 
are shown and compared to their respective experimental results for  = 2 (Figure 2.4) and  
= 7 (Figure 2.5).  
Figure 2.4. Images of the top surfaces of films obtained from Langevin dynamics simulations 
(upper row) and AFM topography (bottom row). For all images,  = 2 and the initial volume 
fraction of particles, tot, is 0.4. The initial volume fraction of small particles, S is shown in 
the label for each image. The area of each image is 5µm × 5µm. Particle colours in the 
simulations indicate a particular particle’s ordering parameter: hexagonal (green), square 
(red), or disordered (blue). The order parameters for small particles (in yellow) were not 
found. 
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Figure 2.5. Images of the top surfaces of films obtained from Langevin dynamics simulations 
(upper row) and AFM topography (bottom row). For all image,  = 7 and the initial volume 
fraction of particles, tot, is 0.4. The volume fraction of small particles, S, is shown in the 
box for each image. The area of each image is 2.5 µm × 2.5 µm. Particle colours in the 
simulations indicate a particular particle’s order parameter: hexagonal (green), square (red), 
disordered (blue). The ordering parameter for small particles (in yellow) was not calculated. 
 
When  = 2, as S is increased, both experiments and simulations show less hexagonal 
ordering of particles. This can be seen qualitatively through a visual comparison of 
simulation snapshots and experimental AFM images in Figure 2.4. This general agreement 
illustrates that the structure formation in the colloidal films observed experimentally can be 
adequately described by simulations of repulsive Brownian particles without any trapping at 
the air/water interface. 
 
Quantitative analysis of ordering also shows very similar trends in the hexagonal ordering up 
to s = 0.04. Comparisons of the experiments and simulations are shown and discussed in 
greater detail in Chapter 3. Both the experimental and simulation data show a decrease in the 
hexagonal fraction of ca. 0.6 over this range. Above S = 0.04, the simulations show a greater 
decrease in hexagonal ordering relative to experimental results. The disorder in simulations 
also correlates with the experimental results up to S = 0.002; both sets of data show an 
increase of ca. 0.30. Above S = 0.002, the quantitative disorder shows a significant increase 
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relative to the experimental results. Again, these results are presented and discussed in greater 
detail in Chapter 3.  
 
When = 7 (Figure 2.5), both the experiments and the simulations show the same trends of 
increasing disorder and a reduction in hexagonal order as S is increased. Despite showing 
the same general trends, the values of S at which hexagonal ordering is low (i.e. disorder is 
increased) are significantly lower for the simulation results. Simulations show a rapid 
decrease in hexagonal ordering, dropping to 0.00 at S = 0.04 and a corresponding disorder of 
1, whereas experimental results show significant hexagonal ordering of 0.83 at S = 0.04. In 
this system, the factor of stratification has an even greater impact on  ordering results as 
significant stratification occurs in simulations at values as low as S = 0.04. 
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2.3.3 Concentrated Regime: High S 
 
We next consider films cast from suspensions that start with a total volume fraction of 0.4. A 
series of AFM images of the top surface of films with S ranging from 0.12 to 0.2 is shown in 
Figure 2.6 for both size ratios. We can see that stratification occurs for = 7 when S > 0.12, 
where there are very few large particles at the surface; it is nearly saturated with small 
particles. For  = 2, it is not clear from a simple visual observation whether stratification has 
occurred. 
Figure 2.6. AFM height images of binary blend films for which  = 7 (a-c), and  = 2 (d-f). 
The initial volume fraction of particles, tot = 0.4 (concentrated regime). Three volume 
fractions of small particles, s were used: (a), (d) s = 0.12; (b), (e) s = 0.16; and (c), (f) s = 
0.2. All images are 5 µm × 5 µm in area. 
 
When = 7, the quantitative measurements of large number density, presented in Figure 2.7, 
also show that stratification occurs when s ≥ 0.12. It is seen that the number of particles per 
unit area is significantly lower than the theoretical model that assumes random mixing. When 
 = 2, the experimental results shown in Figure 2.7 are very similar to the geometric model 
predictions, indicating that stratification has not occurred.  
 
Both the ZJD model52Error! Bookmark not defined. and the model of Fortini et al.7 predict that at a 
fixed initial volume fraction of the small particles, stratification is stronger for larger values 
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of . We observe that the trend in our experiments matches the predicted trend. The ZJD 
prediction in (Eq. 1) defines a threshold, above which the gradient in the concentration of 
small particles becomes large enough to push the large particles away from top surface. It 
appears that for and with a high initial volume fraction, the gradients of the small 
particles during drying never become large enough to deplete large particles from the top 
surface. Note that our particle concentrations start at a volume fraction of 0.40 but 
presumably jam as the volume fractions approach 0.64. Thus, the film height reduces by only 
about one third before particle mobility and hence stratification ceases. 
Figure 2.7. Counts of large particles per unit area in experiments using particle blends with  
= 2 (filled squares) and  = 7 (open circles). The dotted line ( = 2) and dashed line ( = 7) 
show results from the simple geometric model given in Equation 4. In these experiments, the 
initial total volume fraction of particles, tot, was 0.4. 
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The experimental results are compared to the predictions of the ZJD model (Eq. 1) in Figure 
2.8. The theory predicts that all samples should show stratification at  = 7, whereas only 
three samples with the highest S exhibit stratification in the experiments. At  = 2, the 
theory predicts stratification when S is high, but there is no stratification in the experiments. 
The diffusion model was derived for dilute concentrations, and hence it is not surprising that 
it over-estimates stratification when compared with experiments on concentrated suspensions. 
Figure 2.8. Experimental data points (obtained using AFM analysis) in comparison to the 
prediction of Equation 1 (solid line). In all experiments, L + S = 0.40 (concentrated regime). 
Red open symbols designate stratified films according to analysis of the film surface, and 
filled blue symbols designate non-stratified. Results are presented for blends with two 
different size ratios:  = 2 (squares) and  = 7 (circles). 
 
In experiments, the extent of stratification can be investigated qualitatively in SEM images of 
cryo-fractured cross-sections. When  = 2 and S = 0.2, there is no clear evidence for 
stratification (Figure 2.9). The cross-sectional structure appears similar near the top and 
bottom of the film. Quantitative analysis of the cross-sections is not reliable because of 
difficulty in distinguishing large and small particles in the SEM images. 
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Figure 2.9. SEM images of cryo-fractured cross-sections of dried films for which (a) a  = 7 
and (b) a = 2. For both samples, S = 0.2 and tot = 0.4. Scale bars are 1µm. The white line in 
(a) demarcates the boundary of the stratified layer of small particles. 
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2.4 Conclusions 
 
We have completed the first experimental test of the stratification theory of Zhou et al.52. We 
have found quantitatively the range of parameters for which stratification is (and is not) 
obtained. Our experiments find stratification of small particles in a surface layer during film 
formation. In dilute suspensions, with L = 0.05, the stratification observed in experiments is 
broadly consistent with the predictions of the ZJD model. In concentrated suspensions, 
however, stratification is observed only when  = 7 and when s is sufficiently high.  
 
We found that the parameters that are predicted by the ZJD model to lead to stratification do 
not always have this effect in the experiments for concentrated systems. However, the ZJD 
model makes several approximations, one of which is only valid at low particle 
concentrations. Hence, the model is not strictly applicable to concentrated systems.  
 
We can confirm that the ZJD model, as supported with our data, enables the prediction of 
how to make either thick or thin stratified surface layers or vertically uniform coatings from 
dilute suspensions. For example, using Figure 2.3, and taking  = 3.5 as an example, we 
predict that there will be weak stratification in a suspension with approximately 2 vol.% 
small particles. When there is 5 vol.% small particles, we predict that a distinct layer of 
mainly small particles will be found at the surface. If stratification is undesirable, then it can 
be avoided with a low particle size ratio (such as  = 2) and with relatively low volume 
fractions of small particles (s < 0.1). Furthermore, to suppress stratification, the Péclet 
number could be reduced by reducing the evaporation rate or the initial film thickness. 
 
This work highlights the need to control the size ratio and volume concentration of particles 
when making films from colloidal suspensions, using the horizontal deposition method. We 
have identified the importance of the particle size ratio and the concentration of small 
particles when aiming to create or to avoid stratified layers. Our data will allow other 
researchers to engineer stratified coatings in a quantitative way, such as in the manufacture of 
scratch-resistant coatings from binary blends of hard and soft particles.13  
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3. Ordering and Structures of 
Binary Latex Blends: The Effect 
on Mechanical Properties 
 
3.1 Introduction 
 
As latex is used increasingly often as a replacement for solvent-cast coatings, a common 
approach to make functional films is to blend low Tg (soft) and high Tg (hard) particles. The 
aim of this approach is to combine properties of each type of particle in the final film or 
coating; this was discussed in greater detail in Section 1.6.1. A key idea is that the low-Tg 
phase will enable film formation while the high-Tg phase increases the film hardness, 
therefore resolving the so-called “film formation dilemma” when trying to form hard, crack-
free latex films at room temperature. 
 
As was discussed in section 1.6.1, the addition of hard particles to a soft matrix affects the 
mechanical properties of the final film. Friel1 and Heuts et al.2 studied similar systems, in 
which they blended a soft latex (Tg ~ 5°C) with a hard latex (Tg ~ 60°C), in such volume 
fractions that the soft latex was always present in a greater proportion. Both studies report 
increases in block resistance, hardness, storage modulus and MFFT with increased hard 
particle volume fractions. Multiple studies report similar findings of enhanced mechanical 
properties, while retaining the film forming abilities of the soft latex, when hard particles are 
blended with soft particles, in such a way that the soft latex constitutes a greater proportion of 
the total volume of the film3,4. 
 
It is well established that monosized latex particles will form an FCC or HCP structure; this 
was discussed in greater detail in Section 1.5.2. Various studies have investigated larger size 
ratios while investigating void concentration5 (Section 1.5.4), permeability6 or MFFT7. All of 
these studies make use of the concepts of phase continuity, introduced by Kusy8, who 
determined the volume fraction at which small particles pack can around the large particles to 
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form a continuous phase in a binary blend of spheres. The minimum volume fraction required 
to create a continuous phase decreases with increased size ratio (this is shown graphically in 
Section 1.6.3). While these studies show that binary films with high small:large size ratios 
have dense structures with minimal voids, these studies do not investigate the resultant 
mechanical properties in these films.  
 
One of the few studies to relate mechanical properties and size ratio (and therefore structure) 
in soft/hard latex blends was carried out by Eckersley and Helmer9. They demonstrated that 
the addition of hard particles to a soft matrix dramatically increased the Young’s modulus 
and block resistance. When comparing films in which the size ratio was 1:1 and 4:1, they 
found that the block resistance and Young’s modulus were dramatically increased. They also 
showed that the elongation at break was reduced when small hard particles were blended with 
large soft particles, relative to when large hard ones were blended with small soft particles. 
Colombini et al.10 also investigated hard/soft blends, as a function of particle size ratio, in 
films with equal weight fractions of soft and hard particles. They identified that the MFFT 
was dramatically increased at a critical volume fraction of hard particles; this was attributed 
to the hard particles preventing the soft particles coming into contact with each other when 
continuity of the surrounding hard particles occurs. They also demonstrated that, using 
dynamic mechanical analysis, the addition of small hard particles to a soft latex resulted in 
greater mechanical reinforcement than the addition of a large hard latex at the same volume 
fraction. While the studies discussed here investigated the effects of the size ratio, and some 
employed qualitative microscopy techniques to examine ordering and dispersion, none of 
them employed any form of quantitative study of particle ordering and/or structure. 
 
The aim of this chapter is to build on the current literature by providing a systematic study 
into the relationship between size ratio and mechanical properties in hard/soft latex blends, 
specifically considering fracture and embrittlement, which remain less studied properties. In 
conjunction with an investigation into mechanical properties, a detailed study of particle 
ordering will also be presented. To do this, atomic force microscopy will be combined with 
image analysis to quantify particle ordering at the film surface of latex films cast over a range 
of size ratios and hard particle volume fractions. To this author’s knowledge, this is the first 
attempt to combine a quantitative analysis of particle ordering with an investigation into 
mechanical properties of soft/hard latex blends. 
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3.2 Materials and Techniques 
3.2.1 Latex Synthesis 
The same materials were used for this work as were used in Chapter 2. Mixtures of soft and 
hard particles were made by blending the desired quantities of each latex together. A 
magnetic stirring rod was used to blend each dispersion for at least 10 hours. The dispersions 
used in this chapter are listed in Table 3.1 below. It is important to note that  is calculated 
differently here than in Chapter 2. In chapter two  was the volume as a fraction of the total 
dispersion, including water. Here  is the fraction of the polymer only (therefore S + H = 1). 
Where fS and fH denote the volume fraction of soft and hard latexes respectively. 
 
Table 3.1 
 
 
3.2.2 Image Analysis 
The same instrument and techniques were used in here as were used in Chapter 2. 
 
3.2.3 Order Parameters 
Coordinates were determined for the LgSf particles (and LgHd) in 5 µm x 5 µm AFM images 
using ImageJ software (version 1.49), from the United States National Institute of Health 
(http://imagej.nih.gov). A custom macro script was used to generate the coordinates of the 
particles in the images. Any mistakes, such as missed particles or inaccurate selection of a 
particle, were corrected manually.  
 
The local symmetry of the particles was calculated using a two-dimensional version11 of the 
q6 orientation bond order parameter.12 The type of local symmetry of a particle is determined 
by looking at the distance between, and the orientations of, the neighbouring particles. Here, 
we distinguish between disordered particles and particles with hexagonal or square ordering. 
An example of the analysis is presented in Figure 3.1. 
 
 Composition H S 
1 LgSf + LgHd 0.01, 0.1, 0.2, 0.3, 0.35, 0.4, 0.45, 0.5 1 - H 
2 LgSf + MedHd 0.01, 0.025, 0.05, 0.1, 0.2 1 - H 
7 LgSf + SmHd 0.05, 0.1, 0.15, 0.2, 0.3, 0.35, 0.4, 0.45, 0.5 1 - H 
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Figure 3.1. (a) AFM topographic image obtained from a binary film for which  = 2 and S = 
0.025. The image shows hexagonally-ordered, square-ordered, and disordered particles. Image 
area is 5 m × 5 m. (b) Image analysis highlights the different local ordering of individual 
particles in image (a). Green = hexagonal, red = square, and blue = disordered.  
 
3.2.4 Tensile Analysis 
Dispersions of latex were cast into PTFE moulds and left to dry under ambient conditions 
(approximately 22°C and 50% humidity) for at least 48 hours. Once dried the free-standing 
films were cut into thin rectangular strips, approximately 20 mm in length, 5 mm in width, 
and 0.5 mm in thickness. Digital callipers were used to measure the width and thickness 
accurately for each rectangular strip. 
 
Each strip was clamped individually in a tensile apparatus (Texture Analyser, MicroSystems, 
Godalming, Surrey).  The visible length of latex between the two clamps was measured and 
taken as the initial length of the latex strip at the start of the experiment. The strips were 
strained at a constant crosshead speed of 2.00 mm/sec until the specimen fractured. The 
engineering stress was calculated by dividing the load by the initial cross-sectional area. 
(a
) 
(b) 
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3.3 Results and Discussion 
AFM images were obtained from the surfaces of films cast from blends of latex particles 
having three different size ratios (= 1, 2 and 7) with increasing values of H.  
Representative images obtained using a volume fraction of large hard particles of H = 0.10 
are presented in Figure 3.2. 
 
 
 
 
 
 
 
Figure 3.2.  AFM height images of surfaces of films made from particle blends with a 
volume fraction of hard particles, H = 0.10.  Three different size ratios are presented: (a) = 
1 size with a hexagonal (FCC) structure, (b) = 7 with a hexagonal (FCC) filled structure, 
and (c) = 2 with a disordered structure. Size of all images is 5 µm × 5 µm. 
 
Image analysis of the surface structure of these and similar films identified three different 
ordering effects: hexagonal packing (corresponding to the (111) of FCC packed particles); a 
filled-hexagonal structure; and disordered. When = 1, hexagonal packing is observed, with 
the hard particles substituting in the lattice of soft particles (Figure 3.2 A). When  = 7, 
hexagonal packing of large particles is observed. When H = 0.10 the average centre-to-
centre spacing of the large particles is 337.50 ± 3.63 nm, compared to 333.84 ± 7.75 nm 
when  = 1 (Figure 3.3), which indicates that the large, soft particles have not been disrupted 
by the addition of small particles; in the interstitial voids around each large particle, small 
particles are densely packed (Figure 3.2 B). The centre-to-centre spacing of particles is 
measured by selecting a particle at random, then measuring the centre-to centre distance to 
the particle’s nearest neighbour. When = 2, a disordered packing of particles is observed 
(Figure 3.2 C). The hard particles do not deform during film formation, and hence they 
protrude from the film surface, making them apparent in the AFM images, when  = 1 and 2. 
When = 7, despite not deforming, the hard particles are small enough that individual 
particles do not protrude from the surface. Instead, they fill the valleys between particles at 
(a) (c) (b) 
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the surface of the film; this can be seen in the centre-to-centre profile when  = 7 and H = 
0.10. 
Figure 3.3. Representative depth profiles obtained from 5 µm x 5 µm AFM height images, 
H = 0.10 and  = 1 (blue) and  = 7 (orange). 
 
The reason the three structures occur can be explained through some basic geometrical 
packing arguments. Latex films made from monosized spherical particles form a hexagonal 
(FCC) structure, in which each particle has 12 neighbours13. In this system, when = 7, a 
‘substitution’ effect is observed, as hard particles are added. This means that a hard particle is 
able to ‘substitute’ anywhere into the FCC structure. This is confirmed through AFM imaging 
in which the hard (shown as bright particles) fit into the hexagonal structure. As the volume 
of hard particles is increased more bright particles can be seen in the images. Examination of 
figure 3.4, shows that as H is increased, the number of hard (bright) particles in the images 
increases, however each still retains a hexagonal packing structure. 
Figure 3.4. 5 µm x 5 µm AFM height images in which  = 1 and H = 0.00 (A), 0.10 (B), 
0.20 (C) and 0.50 (D). Hard particles appear bright as they protrude from the surface. 
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When = 7, a hexagonal (FCC) structure is observed, in which each of the large soft 
particles have 12 neighbours, while the small hard particles are able to fill the interstitial 
voids between the large particles. As H increases (Figure 3.5) particles fill the interstitial 
voids, and then begin to disrupt the hexagonal ordering of the large particles. At higher H, 
they can create stratified layers as discussed in Chapter 2. 
Figure 3.5. 5 µm x 5 µm AFM height images in which  = 7 and H = 0.00 (A), 0.05 (B), 
0.10 (C), 0.20 (D), 0.30 (E) and 0.50 (F).  
 
In an FCC structure, the interstitial voids, within each unit cell, consist of eight tetrahedral 
sites and four octahedral sites. The size of these voids determines whether particles are able 
to fill them without disrupting the FCC structure. Each octahedral void has space for a 
spherical particle which is 0.414 times the size (in terms of radius) of the particles that make 
up the FCC structure, while the tetrahedral voids can accommodate a particle that is 0.2247 
times the size of the large particles. The small particles, when  = 7, are 0.143 times the size 
of the large particles. Therefore the small particles can be accommodated within, both, 
tetrahedral and octahedral interstitial sites without disrupting the FCC packing of the large 
spheres, as long as the overall volume fraction of the small particles does not exceed the total 
volume fraction of the void space. 
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In a perfect hexagonal (FCC) structure of hard spheres, the interstitial voids account for 26% 
of the volume of the final structure. If we assume random packing of the small hard particles 
in the interstitial voids they will fill approximately 60% - 64% of the interstitial voids by 
volume: 
0.64 x 26% = 16.64% 
This means that the packing of hard spheres is not disrupted, up to a volume fraction 
of small particles of 0.17. This constitutes a maximum packing density of approximately 76% 
- 80%; previous studies of packing of hard spheres have shown that the maximum packing 
density of binary hard spheres, in which  = 6.5 (close to  = 7 used in these experiments), 
was close to 80%14. Above a volume fraction of 0.17, the small particles will begin to push 
the large particles apart to make space for the additional particles; this can be demonstrated 
by comparing the centre-to-centre spacing of the particles when H = 0.10 and when H = 
0.20 (Figure 3.6).  
Figure 3.6. Representative depth profiles obtained from 5 µm x 5 µm AFM height images,  
= 7, H = 0.1 (orange) and 0.2 (green). 
 
When  = 7 and H = 0.20 the average centre to centre particle spacing is 449.0 ± 17.3 nm; 
this is an average increase in centre-to-centre particle distance of 111.5 nm (approximately 2 
small particle diameters) when H = 0.20 compared to when H = 0.10. 
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When  = 2, a disordered system is observed, in which the regular FCC structure of a 
monodisperse latex is disrupted. Disruption of the FCC structure occurs because neither of 
the previous effects, substitution or filling, are operative when = 2. The small particles are 
too large to fit into the interstitial voids in a regular FCC structure but too small to substitute 
with the large soft particles. Thus to accommodate the small hard particles, the larger, soft 
particles must be displaced. This is evident qualitatively in Figure 3.7 
Figure 3.7. 5 µm x 5 µm AFM height images in which  = 2 and H = 0.00 (A), 0.01 (B), 
0.025 (C), 0.05 (D), 0.10 (E) and 0.20 (F). Hard particles appear bright as they protrude from 
the surface. 
 
Using image analysis, as described in the methods section, the fraction of hexagonal ordering, 
square ordering and disorder was calculated as a function of volume fraction of hard 
particles, H, for blends in which  = 1, 2 and 7. The results can be seen in Figure 3.8.  
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Figure 3.8. Graphs showing hexagonal ordering (A), disorder (B) and square order (C) as a 
function of H for soft/hard latex blends in which  = 1 (blue), 2 (orange), 7 (grey). 
 
With increasing H, there is no significant loss of hexagonal ordering when  = 1, with 
hexagonal order parameters of 0.76 – 0.92 when H = 0.00 – 0.20. A drop in the hexagonal 
order parameter, to 0.51 when H = 0.50 sharp loss of hexagonal ordering is observed; this is 
not as a result of disorder (as is apparent in Figure 3.8B), however. Poor imaging, as a result 
of a rough surface due to a very high value of H, of 0.50, means that the peak to peak 
distance appears larger and is, therefore, interpreted as increased square ordering; this is 
apparent in Figure 3.8C which shows increased square ordering when  = 1 and H = 0.50. 
 
When  = 2, a sharp loss of hexagonal order is evident, with small increases in H. When H 
= 0.01 the hexagonal order drops to 0.73; a further increase in H to 0.025 results in a 
hexagonal order parameter of 0.49, and when H = 0.05 hexagonal order drops further to 
0.32. The drop in hexagonal order up to a value of H of 0.05, corresponds to an, 
(A) (B) 
(C) 
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approximately, equal increase in disorder and square ordering; when H = 0.05 disorder 
reaches 0.26, while square ordering reaches 0.35. When H ≥ 0.05 square ordering remains 
reasonably constant, with a range of 0.35 – 0.41, while disorder continues to increase 
(corresponding to a further reduction in hexagonal ordering) to 0.37 and 0.44 at H = 0.1 and 
0.2 respectively. Increased square ordering when  = 2 is a result of large particles packing 
around a single small particle, which can be seen as four large particles in a square formation 
with a single small particle in the central void between them. It is likely, that this is evidence 
of localised, body centred cubic structures, such as that which is observed in the CsCl 
structure; however due to only having topographic images it is not possible to see below the 
surface of the films to confirm this structure. 
Figure 3.9. AFM topographic images showing square ordering when  = 2 and H = 0.1. (a) 
Original image size is 5 µm x 5 µm. Highlighted sections are shown close up in (b) and (c). 
 
When = 7, the filling effect in the hexagonal structure is maintained up toH = 0.10; when 
H = 0.00 – 0.10, hexagonal order has a range of 0.91 – 0.83. AsH is increased to 0.20, 
hexagonal order decreases to 0.26, while disorder and square ordering increase to 0.46 and 
0.28 respectively. Increase in disorder and square ordering is a result of large, soft particles 
being pushed apart as the interstitial voids are full and cannot accommodate the increased 
volume fraction of small particles. Above H = 0.2 there is a further loss of hexagonal order, 
most of which is interpreted as disorder (1 at H = 0.3 and 0.9 at H = 0.4); this is due to the 
fact that stratification is ensuing, meaning that large particles are not completely visible at the 
surface, therefore, neither hexagonal nor square ordering can be interpreted and is, thus, 
considered as disorder. 
(a
(b (c
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Further to investigations into ordering in bimodal blends cast onto glass substrates, which is 
non-porous, investigations into particle ordering in bimodal blends cast onto filter paper 
substrates, which is highly porous, were undertaken. The same method of film preparation 
was used, however, films were cast onto filter paper, the details of which can be found in the 
Materials and Methods section. Analysis of order and disorder for non-porous vs porous 
ordering is shown in Figure 3.10.  
Figure 3.10. Graphs showing hexagonal ordering (round markers) and disorder (triangle 
markers) as a function of H, for bimodal blends, cast on non-porous glass substrates (blue) 
and porous filter paper substrates (yellow), in which  = 1 (A), 2 (B) and 7 (C).  
 
Figure 3.10 shows that at all values of , hexagonal order is generally lower, while disorder 
is generally higher, for films cast on porous filter paper substrates compared to those cast on 
non-porous glass substrates. As discussed, in more detail, in the introduction to this thesis, 
reducing the evaporation rate, in drying colloidal films, results in increased order as the 
(A) (B) 
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particles have more time in the water/solvent phase to pack into an ordered structure. These 
results can be interpreted in the same way, in that the particles have less time in the water 
phase to pack into an ordered structure. However instead of evaporation of water, at the air-
water interface, reducing the amount of time the particles have in the water phase, it is water-
loss into the porous substrate that reduces the amount of time particles spend in the water 
phase. 
 
Having identified that different size ratios lead to different structures in latex films, an 
investigation into the fracture properties of bimodal blends was undertaken. Stress/strain 
analysis for samples in which = 1 and 7 were performed, as described in the Methods 
section. Films in which  = 1 and 7 were chosen to investigate the distinct structures that 
occur at these size ratios; the disordered structures, which arise when  = 2, were not 
considered for mechanical testing. Figure 3.11 shows representative stress/strain curves for 
samples in which  = 7 with increasing values of H. 
Figure 3.11. ‘Representative’ stress-strain curves, in which = 7 where H = 0.00 (Blue), 
0.10 (grey), 0.20 (green), 0.30 (yellow), 0.40 (red) and 0.50 (purple). 
It is observed that, as H is increased, a sample’s yield point increases, as well as a reduction 
in the percentage strain at failure. When brittle fracture ensues, the stress at failure is vastly 
increased; the stress at failure when H = 0.50 is almost 14 MPa, whereas prior to brittle 
fracture the value is reasonably consistent, with a range of 7 – 10 MPa.  
 
Figure 3.12 shows representative stress/strain curves for samples in which  = 1 with 
increasing values of H. 
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Figure 3.12. Representative stress-strain curves, in which = 1 where H = 0.00 (blue), 0.25 
(green), 0.30 (yellow) and 0.40 (red). 
 
As is the case when  = 7, Figure 3.12 shows that when  = 1 the yield point of a sample 
increases as H is increased. Also, similarly to when  = 7, increases in H result in a 
decreasing strain at failure. Conversely to when  = 7, as H is increased, the stress at failure 
increases, until H = 0.40, at which point the brittle fracture results in early failure, meaning 
that, when H = 0.40, the sample cannot be strained far enough for strain hardening to occur.  
The dependence of the strain at failure as a function of H is shown in Figure 3.13 for both 
size ratios.  
Figure 3.13. Strain at failure as a function of H in hard/soft latex blends in which  = 1 
(blue/square symbols) and  = 7 (orange/round symbols).  
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Examining the strain at failure of the two size ratios shows that, the addition of hard particles 
causes embrittlement of the latex films, however as hard particles are added we observe two 
different paths to failure. When = 1, the addition of hard particles, up to H = 0.25, results 
in little or no embrittlement, although the stress-strain graphs (Figure 3.12) do show an 
increase in the yield point of the samples. Further addition of hard particles, above H = 0.25, 
results in embrittlement; strain at failure drops to 275% when H = 0.35 and 21% when H = 
0.40. Strain at failure drops slightly to 19% when H = 0.45; above this concentration films 
were too brittle to handle. 
 
In comparison, when  = 7, a much more gradual path to failure is observed, with each 
increment of hard particle fraction causing an approximately linear reduction in the strain at 
failure towards a strain at failure of 17% at H= 0.50; above H= 0.50 the films were too 
brittle to handle. The films, in which  = 7, do not exhibit a ‘tipping point’ as is seen for 
when  = 1. The reason behind this difference in embrittlement is explained through 
examination of the geometric models of particle packing observed with each size ratio. 
Representations of the two systems are shown in Figures 3.14 and 3.15.  
 
Figure 3.14. Schematic diagrams showing soft (blue) and hard (black) particles as H is 
increased when = 1. The progression in each row (A – D) constitutes an increase in H of 
0.10.  
 
(A) (B) 
(C) (D) 
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When  = 1, continuity of the soft phase is unaffected by the addition of hard particles when 
H < 0.30. This is because percolation of the hard phase does not occur until H ≈ 0.2974. 
Hence, continuous contact points are present within the soft phase to provide cohesion to the 
film. When H > 0.30 we observe a tipping point in the mechanical failure. In this range, 
there is continuous connectivity of the hard particles with a weak interface throughout the 
film. It is along these paths of weak, hard-hard contacts that fracture may occur. 
  
Figure 3.15. Schematic diagrams showing soft (blue) and hard (black) particles as H is 
incrementally increased (A – D) when = 7. 
When  = 7, small increments in H result in a small loss of extensibility, which is a trend 
that occurs up to total embrittlement; this is because as small particles are added, they fill the 
interstitial voids between the large soft particles. In this system, although the soft phase is 
still continuous, the room for deformation of the soft particles decreases; the soft particles 
cannot deform into the space filled by the small hard particles. Hence, as hard particles are 
added, the contact area between the large soft particles in the final films becomes smaller as 
H increases. With smaller areas of contacts between the soft particles, great stress develops 
for a given applied force, and films begin to fail under a lower strain. 
 
3.4 Conclusions 
 
In this study into how particle ordering is affected by size ratio in hard/soft latex blends, we 
identified three distinct particle ordering regimes. When  = 1, a substitution effect was 
observed. In this regime, the second particle species is able to be included in the FCC/HCP 
lattice without affecting the particle ordering, regardless of H. When  = 2, it was observed 
(A) (B) 
(C) (D) 
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that disorder was easily induced, with hexagonal particle ordering decreasing and disorder 
increasing at values of H as low as 0.01. When  = 7, a filling regime was observed. In this 
regime, the second species of particles is small enough that they are able to fill the interstitial 
voids between large particles, without disrupting the FCC/HCP structure. This effect is 
observed until H is sufficient that the interstitial voids are full, above which point large 
particles are displaced in order to accommodate the small species. Subsequently, it was found 
that disorder increased in all regimes when films were cast on a porous substrate. 
 
Following our ordering analysis, we carried out tensile experiments on the size ratios which 
produced ordered structures, i.e.  = 1 and  = 7. The average strain at failure was measured 
as a function of particle loading for both size ratios. It was demonstrated that, when  = 1, a 
sharp transition to brittle failure occurred. Conversely, it was also demonstrated that when  
= 7, a gradual transition from ductile to brittle occurred. The difference in these transitions to 
brittleness is a result of the different ordering regimes which were presented at the beginning 
of the chapter. When  = 1 (substitution regime), hard particles being added into the FCC 
structure does not affect continuity or strength of soft-soft contacts, until percolation of the 
hard particles occurs, around H = 0.3. Once percolation occurs, percolating hard particles act 
as a line of weakness upon which fracture may occur. When  = 7 (filling regime), the area 
of contact between soft particles is gradually reduced as hard particles fill the interstitial 
voids, because there is less room for soft particles to deform. Therefore, boundaries between 
neighbouring particles become smaller, and there is less space for interdiffusion across these 
boundaries. This results in fewer polymer chains available to impart strength to the matrix as 
the volume fraction of hard particles increases. This gradual reduction in the amount of 
polymer chains able to cross particle boundaries, results in a gradual reduction in strain at 
failure. A reduction in the strain at failure continues until brittle fracture occurs. 
 
These results have implications for those who design functional, hard/soft latex blends. It 
may be the aim of the manufacturer, to increase the hardness or modulus of a film, without 
reducing its ductility. In such a case, they could incorporate hard particles such that  = 1; 
this would allow the addition of hard particles up to H ≈ 0.3, without significantly affecting 
ductility. If it was desirable to increase H beyond 0.3, then a larger size ratio could be used, 
which would allow for greater hard particle loading, while sacrificing less ductility than the 
same volume fraction at a size ratio of 1:1.
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4. Filler Particles in Latex Films: 
Effect of Size Ratio 
4.1 Introduction 
Filler particles are regularly added to latex, and other polymer films, in order to reduce 
manufacturing costs, change the appearance or, most commonly, enhance the mechanical 
properties of the film in some way. The addition of filler particles to a polymeric material, 
may not always have the desired effect. For example, a common way to increase the strength 
of a material is through the addition of filler particles. Generally, through increased filler 
particle loading, the strength of a polymeric material can be increased, however, the opposite 
can also be true. There are several reports in the literature, of increased particle loading 
resulting in reduced fracture strength of the material1,2. It is therefore imperative, in the 
design of composite films and coatings, to gain a strong understanding of which parameters 
affect which properties, when adding filler particles to latices.  
 
When a composite is subject to tensile analysis, typically there are five quantitative properties 
that may be investigated: Young’s modulus, yield point, strength, toughness and strain-to-
failure. Previously, in this thesis (Section 1.6), these properties are discussed in terms of latex 
composites and the parameters that affect them, such as particle loading, filler size and 
interfacial adhesion quality. It is established that the Young’s modulus is increased with 
increased particle loading3,4,5, but is largely uninfluenced by the size of fillers6,7,8, unless they 
are very small (< 30 nm)9, and by interfacial adhesion quality10,11,12.  Introduction of filler 
particles, into a polymer matrix, has been shown to both increase and decrease13 the yield 
stress, depending on the interfacial adhesion between the filler particles and the polymer 
matrix; Good adhesion results in increased yield stresses, while poor adhesion results in 
debonding and lower yield stresses14. The strength and toughness of a composite are 
determined by a complex interplay between particle loading, particle size and interfacial 
adhesion; the addition of filler particles may, either, increase or decrease these properties of a 
composite. As particle loading is increased the strength and toughness may increase, until a 
critical volume fraction is reached, at which point the strength and toughness may decrease15. 
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Despite a considerable volume of literature regarding tensile properties of polymer 
composites, there remains little work on the fracture properties of polymer composites, and 
even less on latex composites. For instance, the effect of filler particles on the strain-at-failure 
of a composite has received little attention. Of particular interest, for industrial and practical 
applications, is the transition from ductile to brittle material, as a result of increased filler 
particle loading, and how the filler:latex size ratio affects this transition. Understanding this 
transition, and how it can be affected, is of use for industries in which filler particles are 
added to a material, primarily, to reduce costs. In such cases, it is desirable to maximise the 
amount of filler, without inducing brittleness into the system. 
 
Poor creep resistance is, generally, considered a deficiency, particularly in polymeric coatings 
which may be subjected to a continuous load or strain; with enough time, constant low stress 
results in reorientation and stretching of polymer chains can result in structural failure of the 
polymer16. Due to this, efforts have been made to improve creep resistance through the 
addition of fillers, to form nanocomposites. There have been several reports of improved 
creep resistance of thermoplastics, through the addition of rigid filler particles, such as 
layered silicate17,18,19, graphene20 or carbon nanotubes21. Advances were made by Yang et 
al.22 who studied creep behaviour in thermoplastics, with a range of nanoparticle sizes. They 
found that addition of small sized nanoparticles offered the best enhancement in creep 
resistance. While there is a significant amount of work studying creep behaviour in 
thermoplastic composites, there is, to our best knowledge, little to no work in the area of 
creep behaviour of latex composites. 
 
In this chapter, the effect of particle loading and filler:latex size ratio on the viscoelastic and 
fracture properties of particulate filled latex films are experimentally investigated, these films 
can be considered composites. Specifically the effect of nano-sized and micro-fillers are 
investigated. The composites are studied in both rubbery and glassy states: The rubbery state 
is investigated at 30°C and 13°C (when plasticised), while the glassy state is investigated at 
13°C (without plasticiser).  The experimental methods employed are stress-strain analysis, 
dynamic mechanical analysis and creep analysis. The aim of this chapter is to build on the 
body of literature regarding mechanical properties of polymer composites, through 
investigating the strain-at-failure while varying the filler size and loading. While there is a 
large body of literature studying composite behaviour in solvent cast thermoplastics, as the 
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number industrial applications for latex films and composites increases, it is important to 
study the tensile properties of latex composites. 
4.2 Materials and Techniques 
4.3.1. Latex Synthesis 
Latices were prepared by emulsion polymerisation of Styrene (St), butyl acrylate (BA) and 
acrylic acid (AA) by Mihaela Manea at The University of the Basque Country. 0.8% sodium 
lauryl sulphate (SLS) was added as a surfactant. 1% sodium 4-[2-(4-morpholino)benzoyl-2-
dimethylamino]butylbenzenesulfonate (MBS) and potassium sulphate (KPS) solution was 
used as an initiator in a 1:1 molar ratio. A monomer ratio of 0.495:0.495:0.1 wt/wt of 
St:BA:AA made a copolymer with a Tg of ca. 16°C (determined by differential scanning 
calorimetry (TA Instruments)) and an overall solids content of 40%.  
 
4.3.2. Calcium Carbonate Suspensions 
Four different sizes of precipitated calcium carbonate were obtained from Minerals 
Technologies. All calcium carbonate particles used have a density of 2.71 g/cc. Suspensions 
of calcium carbonate in water were made by adding 5g poly(acrylic acid) to 45g of water to 
make a 10% w/w solution. Calcium carbonate was slowly added to the solution under 
continuous stirring to make suspensions of calcium carbonate with solids contents of 40%. 
Figure 4.1 shows SEM images of the calcium carbonate particles used. Calcium Carbonate 
size distributions are included in the appendix to this thesis.  
Figure 4.1. SEM images of individual calcium carbonate particles. Average diameter of the 
particles are shown for each image. All scale bars are 1µm. 
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4.3.3. Latex/Calcium Carbonate Suspensions 
Suspensions of latex and calcium carbonate of various volume fractions were made by adding 
calcium carbonate dispersions to latex in the correct amount to give a desired volume fraction 
of calcium carbonate. After weighing out the correct amounts, blends were stirred using a 
magnetic stirring bar for 1 hour to ensure suitable dispersion of the calcium carbonate 
particles. 
4.3.4. Texanol 
Texanol was obtained from Eastman Chemical Company and was added to latex dispersions 
using a micropipette, prior to addition of calcium carbonate, to make a separate set of 
samples with a lower Tg. Texanol was added at a ratio of 1:10 of the weight of the polymer in 
a dispersion to achieve a target Tg of 5°C. Dynamic Scanning Calorimetry was used to 
determine a reasonably accurate measure of the Tg of P(S-BuA) before and after the addition 
of 10 wt.% Texanol. The results of this analysis are shown in Figure 4.2. 
Figure 4.2. DSC results showing heat flow for P(S-BuA) (top row) and P(S-BuA) with 10 
wt.% Texanol added before casting (bottom row). The results from the first heating are 
shown in the left column, and the results from the second heating are shown in the right 
column. 
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AFM was used to show the physical effect of the addition of 10 wt.% Texanol on P(S-BuA). 
This is shown in Figure 4.3. 
Figure 4.3. 2.5 µm x 2.5 µm AFM images of (A) P(S-BuA) (B) + 10 wt.% Texanol (C) + 
heat. Addition of Texanol increases the mobility of polymer chains, making particle 
boundaries less defined. Heating forms a smooth surface with no particle boundaries. 
4.3.5. Tensile Testing 
To prepare samples for mechanical analysis, thick films were cast in petri dishes with a 
diameter of 30 mm. The petri dishes were placed on a shaker table, set to 700 rpm to avoid 
sedimentation of the calcium carbonate, which was observed in films dried under static 
conditions (Figure 4.5), and dried under an infrared lamp to reduce drying time. Total drying 
time was an hour and a half. Once dried the free-standing films were cut into thin rectangular 
strips, approximately 20 mm in length, 5 mm in width, and 0.5 mm in thickness. Digital 
callipers were used to measure the width and thickness accurately for each rectangular strip. 
 
Figure 4.5. Images showing the effects of sedimentation in P(S-BuA)/calcium carbonate 
composites dried under static conditions. A: Photograph of visible calcium carbonate 
A B 
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sedimentation on the inside of the mould and underside of the dry film. B: SEM image of a 
cross-section of the film, at the underside of the film, after drying. The image shows a high 
concentration of sedimented calcium carbonate at the bottom of the film, with very little in 
the bulk. 
 
Each strip was clamped individually in a tensile apparatus (Texture Analyser, MicroSystems, 
Godalming, Surrey).  The visible length of latex between the two clamps was measured and 
taken as the initial length of the latex strip at the start of the experiment. The strips were 
strained at a constant crosshead speed of 2.00 mm/sec until the specimen fractured. The 
engineering stress was calculated by dividing the load by the initial cross-sectional area. 
Tensile measurements were obtained in a thermal cabinet attached to the tensile apparatus. 
Experiments were carried out at 30°C and 13°C. Samples were equilibrated at the desired 
temperature for five minutes prior to data acquisition. To cool to 13°C cold air was flowed 
through copper pipe, submerged in crushed ice, into the rear of the cabinet. A thermocouple 
was run through the rear of the thermal cabinet and attached to the neck of the lower clamp a 
few millimetres below the sample. The entry points of the air flow and thermostat were 
sealed with paraffin film in order to prevent heat being lost. Once the desired temperature 
was reached it was found that the temperature in the oven remained stable ± 0.5°C for a 
period of approximately 60 seconds. To equilibrate the sample for 5 minutes prior to data 
acquisition, air flow was turned back on if/when the temperature rose above 13.5°C. Figure 
4.6 shows the apparatus used. 
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Figure 4.6. Apparatus used for temperature controlled tensile analysis. Image shows tensile 
apparatus (A), thermal cabinet (B), ice bucket (C), vacuum pump (D) and thermocouple (E). 
 
4.3.6. Scanning Electron Microscopy 
SEM images were obtained using a JEOL JSM-7100F electron microscope. Before imaging, 
samples were sputter coated with a 2 nm layer of Au. For cross-sectional imaging, films were 
submerged in liquid nitrogen until frozen then snapped using plastic tweezers. Images were 
obtained using an accelerating voltage of either 5 or 10 kV.  
 
4.3.7. Dynamic Mechanical Analysis 
Dynamic Mechanical Analysis was carried out using a DMA Q800 (TA Instruments) to test 
the modulus of latex/calcium carbonate blends over a range of temperatures. Small strips of 
the dried blends were cut (0.5 mm x 10 mm x 2 mm approx.) and attached to the clamps. The 
material was under a constant strain of 0.05% and tested over a range of -60°C – 60°C with a 
heating rate of 3°C/min.  
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4.3.8. Thermal Gravimetric Analysis 
Thermal Gravimetric Analysis was carried out using a TGA Q500 (TA Instruments). A 
platinum pan was calibrated in Nitrogen. Approximately 10 mg of sample was placed in the 
pan and heated from room temperature to 600°C at a ramp rate of 10°C/min in air. 
 
4.3.9. Dynamic Scanning Calorimetry 
Dynamic Scanning Calorimetry was carried out using a DSC Q1000 (TA Instruments). An 
aluminium pan was calibrated in nitrogen. Approximately 10 mg of sample was placed in the 
pan. The temperature was equilibrated at -30°C before heating to 120°C at a ramp rate of 
10°C/min. The temperature was then reduced to -30°C at a cooling rate of 10°C/min before 
heating back to 120°C at a ramp rat of 10°C/min to complete the cycle. 
4.3 Results and Discussion 
4.3.1. Stress-Strain Results 
The results in this section are divided into three subsections based on the experimental 
conditions used. These are: 
 
 Rubbery Regime  
o In this regime non-plasticised samples were investigated at 30°C, a 
temperature above the polymer’s Tg. 
 Plasticised Regime 
o In this regime, Texanol was added as a plasticiser (see Section 4.2.4) to lower 
the Tg of the samples. Experiments took place at 13°C, a temperature above 
the new target Tg, but below the original Tg. 
 Glass Regime 
o In this regime non-plasticised samples were investigated at 13°C a 
temperature below the polymer’s Tg. 
 
DMA results, which are gathered as the temperature is varied are classified as ‘Non-
plasticised’ and ‘Plasticised’, as they do not strictly fit into a regime listed above. 
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4.3.1.1. Rubbery regime 
Poly(styrene-co-butyl acrylate) (referred to hereafter as P(S-BuA)) copolymer films, with a 
Tg of approximately 21°C, containing calcium carbonate particles were cast. CC ranged from 
0.0 to 0.35 with a range of size ratios through  = 0.4 to 26 as described in Materials and 
Methods section. Strips of these films were cut and strained using the tensile apparatus, in a 
thermal cabinet at 30°C, to the point of fracture. The stress and strain were recorded until 
failure (or 200% strain which represents the upper limit of the thermal cabinet) and individual 
stress-strain curves were obtained for each sample. At least eight stress-strain curves were 
obtained for each data point, from a minimum of two moulded films.  
As a general rule, an increase in CC results in an increase in the yield point and a reduction in 
the strain at failure. For each sample analysed a ‘representative’ stress/strain curve was 
selected, which best represents each data set. The results are presented in Figure 4.7.  
Figure 4.7. Representative stress-strain curves obtained at T = 30°C for poly(styrene-co-butyl 
acrylate)/calcium carbonate blends in which CC = 0.00 (orange), 0.10 (blue), 0.20 (green), 
0.30 (red), 0.35 (purple).  = 0.4 (A), 4 (B), 17 (C) and 26 (D) (shown respectively for each 
size ratio in the figure). 
= 0.4 
= 26 = 17 
= 4 
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To investigate the fracture phenomena, the average strain at failure was calculated for each 
data set, and the results are presented in Figure 4.8, which shows the average strain at failure 
as a function of increasing CC. 
Figure 4.8. Average strain at failure for Poly(styrene-co-butyl acrylate) /Calcium Carbonate 
blends at T = 30 °C as a function of CC where  = 0.4 (red triangles),  = 4 (green 
diamonds),  = 17 (orange squares),  = 26 (blue circles).  
 
Figure 4.8 shows that up to CC = 0.1, all samples reach a minimum of 200% strain for all 
values of . When  = 0.4, embrittlement (average strain at failure dropping below 200%) 
occurs when CC= 0.2. A further increase to CC = 0.24 results in very brittle films with an 
average strain at failure of only 1%. When  ≥ 4, the average strain at failure does not drop 
below the upper limit of the thermal cabinet until CC = 0.25 to 0.30, while total failure is not 
exhibited until CC = 0.35. Total failure when  ≥ 4 occurs at higher CC than when  = 0.4. 
Hereafter, we will describe samples with an average strain at failure of less than 20% as 
being brittle. 
 
4.3.1.2. Glassy Regime 
The same experimental method was followed with the temperature in the thermal cabinet set 
to 13°C, a value chosen to be below the Tg (21°C) of P(S-BuA). Figure 4.9 shows 
representative stress-strain curves for each sample when T = 13°C.  
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Figure 4.9. ‘Representative’ stress-strain curves obtained at T = 13°C for Poly(styrene-co-
butyl acrylate)/Calcium Carbonate blends in which CC = 0.00 (orange), 0.10 (blue), 0.20 
(green), 0.30 (red), 0.35 (purple).  = 0.4 (A), 4 (B), 17 (C) and 26 (D). 
 
Representative stress-strain curves highlight a significant reduction in the average strain at 
failure for all samples, relative to the results at 30°C, regardless of CC and . Figure 4.9 also 
shows that the stress at failure is significantly higher at 13°C than at 30°C; stress at failure 
peaks at 25 MPa when  = 4 and CC = 0.10.  
= 0.4 
= 26 = 17 
= 4 
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Figure 4.10 shows the average strain at failure for all samples at 13°C as a function of CC. 
Figure 4.10. Average strain at failure for Poly(styrene-co-butyl acrylate)/Calcium Carbonate 
blends at T = 13 °C as a function of CC where  = 0.4 (red triangles),  = 4 (green 
diamonds),  = 17 (orange squares),  = 26 (blue circles).  
 
When comparing average strain at failure in the glassy regime (Figure 4.10), to the average 
strain at failure in the rubbery regime (Figure 4.8) it is clear that, when CC = 0.00, the strain 
at failure is significantly lower when T = 13°C, at 33%, compared to 200% when T = 30°C. 
When T = 30°C the upper limit of the thermal cabinet was reached before any failure 
occurred. However, at T = 13 °C, as CC is increased, a sharp decrease in average strain at 
failure is observed with all samples experiencing failure below 15% strain when CC = 0.1. 
Therefore, at 13°C, brittle fracture occurred for all samples when CC = 0.10; whereas when T 
= 30°C brittle failure did not occur until CC= 0.24 when  = 0.4 and CC = 0.35 when  ≥ 4. 
 
4.3.1.3. Plasticised Regime 
Next, the plasticisation of glassy polymers was investigated. P(S-BuA)/Calcium Carbonate 
blends containing 10 wt.% Texanol (as a percentage of the polymer weight) were formed to 
achieve a new target Tg of 5°C. 5°C was selected as the target Tg so that the difference 
between Tg and experimental temperature (13°C) matches that of the experiments in the 
rubbery regime (8°C – 9°C). The amount of Texanol used was based on a prediction of the 
Fox equation23 (Eq. 6). The Tg values of the plasticized samples were measured to be 4.6°C – 
5.50°C (Figure 4.2). 
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1
𝑇𝑔(𝑛𝑒𝑤)
=
𝑊(𝑝𝑜𝑙)
𝑇𝑔(𝑝𝑜𝑙)
+
𝑊(𝑝𝑙𝑎𝑠𝑡)
𝑇𝑔(𝑝𝑙𝑎𝑠𝑡)
      (6) 
Where Tg(new)
 is the Tg of the resultant polymer, Tg(pol)
 is the Tg of the initial polymer, Tg(plast)
 is 
the Tg of the plasticiser, W(pol) is the weight fraction of the polymer and W(plast) is the weight 
fraction of the plasticiser. 
 
Samples containing 10 wt.% Texanol underwent tensile analysis at 13°C. Representative 
stress-strain curves for each sample are presented in Figure 4.11. 
Figure 4.11. ‘Representative’ stress-strain curves obtained at T = 13°C for Poly(styrene-co-
butyl acrylate)/Calcium Carbonate blends with 10 wt.% Texanol, in which CC = 0.00 
(orange), 0.10 (blue), 0.20 (green), 0.30 (red), 0.35 (purple).  = 0.4 (AB), 17 (C) and 26 (D).  
 
Figure 4.11 shows that the addition of 10 wt.% Texanol reduces the Tg of P(S-BuA) 
sufficiently enough that the polymers can once again be elongated to 200% at 13°C, as long 
as CC is not too high. The highest stress at failure recorded was 6.5 MPa when  = 4 and CC 
= 0.35. 
A 
C D 
B 
= 0.4 
= 26 = 17 
= 4 
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Average strain at failure for samples containing 10 wt% Texanol is shown in Figure 4.12. 
Figure 4.12. Average strain at failure for Poly(styrene-co-butyl acrylate)/Calcium Carbonate 
blends with 10 wt.% Texanol at T = 13 °C as a function of CC where  = 0.4 (red triangle),  
= 4 (green diamond),   = 17 (orange square),   = 26 (blue circle).  
 
Figure 4.12 shows that in the plasticised regime, as seen in the rubbery regime (Figure 4.8), 
when  = 0.4 embrittlement occurs at lower CC than when ≥ 4. When  = 0.4 
embrittlement begins at CC = 0.2, while brittle fracture is observed when CC = 0.3, 
exhibiting an average strain at failure of 18%. When  ≥ 4 embrittlement does not begin until 
CC = 0.3, with an average strain at failure ranging from 66% to 111%; total failure occurs at 
CC = 0.35 for  = 4 and 26. When = 17 brittle failure (as defined previously) does not 
occur; at CC = 0.35 the average strain at failure is 23%. 
 
For a statistical analysis of the failure of the composites, we use a Weibull 
analysis24,25. We define a function, f(), as the fraction of samples of a given type that have 
fractured as a function of the strain. The cumulative distribution function of a Weibull 
distribution is given as: 
𝑓(𝜀) = 1 − 𝑒−(
𝜀
𝜆⁄ )
𝐾
   (1) 
where K is the shape factor, and  is the scale factor. The function f() varies from 0 at a 
strain of  = 0 and increases towards 1 with increasing strain. A plot of 𝑙𝑛 (−𝑙𝑛(1 − 𝑓(𝜀))) 
versus ln() can be used to determine K from the best-fit gradient. K  is inversely related to 
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the width of the distribution over its mean. A value K = 1 indicates an exponential  
distribution of strains at failure. This type of distribution will be found when the cause of 
failure, such as a defect, develops randomly; the rate of failure is constant with increasing 
strain. When K 1, there is a more narrow distribution of the strains at failure, relative to the 
mean value. The rate of failure increases with increasing strain. When samples are strained to 
larger values, they become more likely to fail. 
In order to ensure that there were enough data points to define a cumulative 
distribution function (on the order of about 10 samples), only data sets in which every sample 
fractured were analysed. Data sets in which one or more samples strained to the upper limit 
of the thermal cabinet before failure were not considered.  
The significance of K as a shape parameter is highlighted in Figure 4.13, by 
comparing reliability functions and the cumulative distribution functions for a brittle and a 
ductile data set. Reliability is defined here as the fraction of samples within a data set that are 
unbroken for a particular strain. The reliability function (1 – f()) starts at 1 at  = 0 and 
decreases with increasing strain. For the more ductile sample set at 30 °C, strain at failure 
spans the range from 0 to approximately 90%. The width of the distribution is wide relative 
to the mean, and hence the shape factor is close to 1 (K = 1.4). The more brittle sample set at 
a temperature of 13 °C has a much narrower range of strains at failure leading to a higher K 
in this case (7.9). 
Table 4.1 shows K values for data sets that contain a sufficient number of data points. 
It is particularly notable that with  = 0.4 at T = 30 °C, the strain at failure values show an 
exponential distribution, as indicated by K = 1 (close to 1), indicative of a constant failure 
rate attributed to random defects. 
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Table 4.1. K Values for Fracture Data 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
K 
 CC T = 30°C 
T = 13°C 
(with 
Texanol) T = 13°C 
 
0 
  
11.9 
0.4 
0.1 
  
11.9 
0.2 0.9 0.8 8.9 
0.3 1.0 
 
5.9 
4 
0.1 
  
2.2 
0.2 
  
3.8 
0.25 2.7 
  
0.3 0.9 2.5 6.8 
0.35 1.1 3.4 
 
17 
0.1 
  
4.9 
0.2 
  
3.8 
0.3 3.4 1.5 5.4 
0.35 2.2 2.0 
 
26 
0.05 
  
3.2 
0.1 
  
5.0 
0.2 
   
0.3 1.4 2.7 7.9 
0.35 2.7 3.8 
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Figure 4.13. Reliability plots (left column) and Weibull distributions (right column) for 
fracture data in which CC = 0.3 and  = 26. At a temperature of 30 °C (top row), the samples 
retain some ductility, while at 13 °C (bottom row) the samples are brittle. The shape 
parameter, K, is shown in the top left corner of the Weibull distributions. 
As a general rule, data sets for the brittle samples (i.e. having a low average strain at 
failure) have K values of 3 or higher. There tends to be no failure at low strains and then it 
occurs abruptly in a narrow range of strain. Ductile samples tend to have K values closer to 1, 
indicating a broad range of distributed failures relative to the mean. Figure 4.14 shows the 
average values of samples at T = 13°C (non-plasticized and plasticized) and at 30 °C for both 
 < 1 and  > 1. Reliability plots for every sample analysed can be found in the appendix to 
this thesis. 
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Figure 4.14. Bar chart showing average K values for non-plasticised samples where T = 30°C 
(blue shades) and T = 13 °C (red shades) and plasticised samples where T = 13 °C (green 
shades). Lighter shaded bars (on the left side) show data for  < 1. Darker shaded bars (on 
the right) show data for  > 1. 
Figure 4.14 illustrates the differences between the ductile and brittle sample sets. 
Additionally, there are some apparent effects of . At T = 13 °C, the size ratio of  = 0.4 is 
associated with a catastrophic failure at a higher strain rate (expressed by the large K). In 
contrast, for the ductile samples at T = 30 °C and for the plasticised samples, the nearly 
exponential distribution of strains at failure (K near to 1), reveals that the  = 0.4 samples are 
associated with random defects. 
 
4.3.2. Dynamic Mechanical Analysis Results 
DMA temperature sweeps from -60°C - 60°C were undertaken to investigate the viscoelastic 
properties of the P(S-BuA)/Calcium Carbonate blends over a wide range of temperatures. 
P(S-BuA)/Calcium Carbonate blends in which CC = 0.00, 0.20 and 0.35 were investigated 
with 10 wt.% Texanol (Figures 4.15 and 4.16) and without Texanol (Figures 4.17 and 4.18).  
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4.3.2.1. Non-plasticised Regime 
Figure 4.15. (A) Storage modulus and (B) loss modulus for Poly(styrene-co-butyl 
acrylate)/Calcium Carbonate blends as a function of temperature where CC = 0.20 and  = 
0.4 (red),  = 4 (green),  = 17 (orange),  = 26 (blue). Data for Poly(styrene-co-butyl 
acrylate) without any calcium carbonate (CC = 0.00) are shown for comparison (grey). 
 
Figure 4.15 shows that when CC = 0.00, both storage and loss moduli are relatively high at 
low temperatures (2282 MPa and 35 MPa at -60°C, respectively) and low as the material 
softens at high temperatures (0.8 MPa and 0.4 MPa at 60°C, respectively). Considerable 
increases in the storage modulus are observed at both low and high temperatures for all 
samples when CC = 0.20 relative to when CC = 0.00. However, the increase in storage 
modulus is exacerbated when  = 0.4, at high temperature, in which case the storage modulus 
is 41 to 42 MPa higher than when  ≥ 4 (at 60°C). Figure 4.15 also shows an increases in the 
loss modulus at both low and high temperature for all  values when CC = 0.20 relative to 
the sample when CC = 0.00. Again, the increase is greater when  = 0.4, where loss modulus 
is 13 to 14 MPa greater than when  ≥ 4 (at 60°C).  
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Figure 4.16. (A) Storage modulus and (B) loss modulus for Poly(styrene-co-butyl 
acrylate)/calcium carbonate blends as a function of temperature where CC = 0.35 and  = 0.4 
(red),  = 4 (green),  = 17 (orange),  = 26 (blue). Data for Poly(styrene-co-butyl acrylate) 
without any calcium carbonate (CC = 0.00) are shown for comparison (grey). 
 
When CC = 0.35, further increases in storage modulus at both low and high temperatures are 
observed for all values of , relative to when CC = 0.20. Again, when  = 0.4, the increase in 
storage modulus at high temperature is significantly greater than when  ≥ 4, having a 
storage modulus increase of 635 to 883 MPa (at 60°C). The loss modulus highlights increases 
in viscosity as a result of increased CC. Again, increases in loss modulus, at high 
temperature, are greater when  = 0.4 than at any other size ratio; the loss modulus at 60°C, 
when  = 0.4, is 85 to 129 MPa higher than when  ≥ 4. 
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4.3.2.2. Plasticized Regime 
Figure 4.17. (A) Storage modulus and (B) loss modulus for Poly(styrene-co-butyl 
acrylate)/calcium carbonate blends with 10 wt.% Texanol as a function of temperature where 
CC = 0.20 and  = 0.4 (red),  = 4 (green),  = 17 (orange),  = 26 (blue). Data for 
Poly(styrene-co-butyl acrylate) without any calcium carbonate (CC = 0.00) are shown for 
comparison (grey). 
 
Comparing data from the plasticised regime (Figure 4.17) with the rubbery regime (Figure 
4.15), we can see that, when CC = 0.00, the storage modulus is lower for samples containing 
Texanol, than the same sample without Texanol, at -60°C (1875 MPa and 2282 MPa 
respectively) and 60°C (0.1 MPa and 1 MPa respectively). When CC = 0.2, with 10 wt.% 
Texanol, it is again observed that when  = 0.4, the storage modulus and loss modulus are 
significantly higher than for other size ratios, with increases of 38 MPa and 9 MPa 
respectively at 60°C compared to when  ≥ 4. 
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Figure 4.18. (A) Storage modulus and (B) loss modulus for Poly(styrene-co-butyl 
acrylate)/calcium carbonate blends with 10 wt.% Texanol as a function of temperature where 
CC = 0.35 and  = 0.4 (red),  = 4 (green),  = 17 (orange),  = 26 (blue). Data for 
Poly(styrene-co-butyl acrylate) without any calcium carbonate (CC = 0.00) are shown for 
comparison (grey). 
 
For samples containing 10 wt.% Texanol, further increases in storage modulus (at, both, high 
and low temperatures) when CC = 0.35, relative to when CC = 0.20. Once again the 
influence significant of size ratio is noted; when  = 0.4 the increase in storage modulus and 
loss modulus at high temperature is significantly greater than when  ≥ 4, with a relative 
storage modulus increase of 463 to 555 MPa and relative loss modulus increase of 66 to 91 
MPa at 60°C.  
 
4.3.3. Creep Results 
The time dependence of the viscoelastic deformation is considered next. Creep experiments, 
in which strips of latex are strained under a constant force, the details of which can be found 
in Materials and Methods, were undertaken.   
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4.3.3.1. Rubbery Regime 
Figure 4.19 shows creep curves at 30 °C for samples without Texanol with increasing CC 
values where  = 0.4 and 26.  
Figure 4.19. Creep analysis for Poly(styrene-co-butyl acrylate)/Calcium Carbonate blends, 
obtained at T = 30°C, where (A)  = 26 and (B)  = 0.4. CC = 0.00 (grey), CC = 0.10 
(green), CC = 0.20 (orange), CC = 0.30 (red). 
 
In Figure 4.19, the rate of strain slows, as CC increases, both, when  = 26 and  = 0.4; this 
is typical, as the addition of filler particles reinforces the polymer matrix. However, samples 
strain much slower when  = 0.4, compared to when  = 26. When CC = 0.1 and  = 0.4, an 
81% decrease in strain after 20 minutes (relative to when CC = 0.00) is observed, while, the 
sample in which  = 26 only exhibits a 45% decrease. When  = 0.4, increasing CC to 0.10 
and 0.20 results in brittle films, which strain very slowly, and exhibit, almost, negligible 
strain after 20 minutes. Contrary to this, when CC = 0.2 and  = 26, samples reach a strain of 
12% after 20 minutes, and do not exhibit low strain until CC = 0.30.  
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4.3.3.2. Glassy Regime 
Figure 4.20 shows creep curves for samples without Texanol where T = 13°C.  
Figure 4.20. Creep analysis for Poly(styrene-co-butyl acrylate)/Calcium Carbonate blends, 
obtained at T = 13°C, where (A)  = 26 and (B)  = 0.4. CC = 0.00 (grey), CC = 0.10 
(green), CC = 0.20 (orange), CC = 0.30 (red). 
 
Figure 4.20 shows that, all samples, at 13°C without Texanol, experience very slow strain (as 
is expected for a polymer undergoing stress below its Tg); when CC = 0.00 the maximum 
strain reached after 20 minutes was 0.1%. In the glassy regime, both size ratios respond 
similarly to increases in CC, with both exhibiting slowing strain as CC is increased. 
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4.3.3.3. Plasticized Regime 
Figure 4.21 shows creep curves at 13°C for samples containing 10 wt.% Texanol, with 
increasing CC, where  = 26 and  = 0.4.  
Figure 4.21. Creep analysis for Poly(styrene-co-butyl acrylate)/Calcium Carbonate blends 
with 10 wt.% Texanol, obtained at T = 13°C, where (A)  = 26 and (B)  = 0.4. CC = 0.00 
(grey), CC = 0.10 (green), CC = 0.20 (orange), CC = 0.30 (red). 
 
Figure 4.21 shows that, when CC = 0.00, the samples can be strained to 30% after 20 
minutes. When CC = 0.10, the sample in which  = 26 experiences a 66% decrease in strain 
after 20 minutes (relative to when CC = 0.00), while the sample in which  = 0.4 exhibits an 
83% decrease. An increase in CC, to 0.2, slows strain for both size ratios, however when  = 
0.4, negligible strain is exhibited after 20 minutes, while when  = 26 the sample can still be 
strained to ca. 6%. Once CC is increased to 0.30, the sample in which  = 26 experiences 
very slow strain, typical of a brittle film. 
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4.3.4. Discussion 
The combination of large-strain tensile measurements, DMA temperature sweeps and creep 
analysis highlights some key differences in mechanical behaviour of samples as a direct 
result of the size ratio (). 
 
Large strain tensile measurements show, firstly, that stress applied to glassy polymers (below 
a polymer’s Tg) inevitably results in brittle fracture (Figure 4.10); the average strain at failure 
for samples when T = 13°C and CC = 0.00 is 33%. This is considerably lower than when T = 
30°C (Figure 4.8) or T = 13°C with 10 wt.% Texanol (Figure 4.12). Low strain at failure 
occurs because the temperature, at which the tensile experiments take place, is below the Tg 
of the polymer. Below the Tg of the polymer, the temperature is not high enough to allow for 
sufficient mobility of the polymer chains, therefore, significantly reducing ductility. Due to 
the fact that samples are prepared above the glass transition temperature, the polymer 
particles undergo sufficient coalescence and entanglement of polymer chains, which builds 
cohesion, to allow for some strain before failure.  
 
Figure 4.10 shows, that, when T = 13°C an increase in CC to 0.10 results in a significant drop 
in average strain at failure to 6% - 12% for all values of . The dramatic decrease in strain at 
failure when calcium carbonate particles are added occurs because the filler particles induce 
points of weakness where fracture can begin. There may be subtle differences in mechanical 
response to stress, due to size ratio (). When  = 0.4, the decrease in average strain at 
failure, when CC = 0.10 and 0.20, is greater than when  ≥ 4. This may be because, although 
all size ratios introduce the same volume of voids (points where fracture may begin), smaller 
particles introduce more individual voids. When CC = 0.30, all size ratios exhibit a similar 
average strain at failure, close to 3% (which constitutes an elongation of about 4 mm before 
fracture occurs). 
 
In large stain tensile experiments, when T = 30°C (Figure 4.8) and T = 13°C with 10 wt.% 
Texanol (Figure 4.10), average strain reaches the upper limit of 200% in the thermal cabinet 
for all values of  when CC = 0.00 and 0.10. When CC is increased to 0.20, disparities in 
average strain between size ratios appear. When  = 0.4 and CC = 0.20, fracture occurs 
before the total strain reaches the upper limit, whereas at all other size ratios, the upper limit 
is reached when CC = 0.20, both when T = 30°C and T = 13°C with 10 wt.% Texanol. Brittle 
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failure, when  ≥ 4, occurs when CC = 0.35, whereas when = 0.4 brittle failure occurs at 
lower volume fractions of filler: CC = 0.25 (T = 30°C) and CC = 0.30 (T = 13°C with 10 
wt.% Texanol).  
 
Embrittlement in P(S-BuA)/calcium carbonate blends, resulting in early fracture and 
mechanical failure, occurs as a result of percolation26 of the hard, inorganic filler particles. 
Percolating of filler particles act as lines of weakness upon which fracture can begin. It is 
known that, the volume fraction (of filler particles) at which percolation occurs decreases, as 
filler particle size decreases; when  = 0.4 the volume fraction at which percolation occurs is 
estimated to be 0.2374.  
 
We attribute the early embrittlement, which occurs when  = 0.4, to differences in 
microstructure (which result in percolation at lower CC) that arise as a result of the small size 
ratio. When the filler particles are larger than the polymer particles ( ≥ 4), the resulting 
structure is one in which the polymer particles pack around the dispersed filler particles. In 
such a structure, percolation of the filler particles occurs at approximately CC = 0.30, 
resulting in embrittlement when the filler particle volume fraction reaches this level. When 
the filler particles are smaller than the polymer particles, as is the case when  = 0.4, a 
different structure occurs; the small filler particles fill the interstitial space between the 
polymer particles. Once the interstitial voids are full, the filler particles then start to pack 
around the polymer particles, resulting in encapsulation of the polymer particles, preventing 
their coalescence. Approximately 24% of a film of monosized polymer spheres can be 
accounted for as interstitial voids. The filler particles completely fill these voids when CC = 
0.18 (approx.), therefore above this value the filler particles begin to pack around the polymer 
particles, eventually encapsulating them and preventing coalescence across particle 
boundaries. When encapsulation of the polymer particles occurs, and thus coalescence is 
prevented or inhibited, brittle fracture occurs. 
To this point, we have not considered the potential effects of aggregation of calcium 
carbonate particles. In order to avoid aggregation of calcium carbonate particles poly(acrylic 
acid) was used as a dispersing agent (as described in section 4.3.2). To avoid changing the 
amount of poly(acrylic acid), which may have affected the mechanical properties, the amount 
used in each sample was kept constant. As, at any given volume fraction, smaller filler 
particles leads to a greater overall surface area of particles, more dispersing agent is required 
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to disperse smaller particles. It is therefore possible that some aggregation may have occurred 
in dispersions of the smallest particle sizes. This would also contribute towards the onset of 
brittleness. In the event that aggregation had occurred, it would be expected that aggregates 
may act as individual particles, which would in turn alter the microstructure of the composite. 
 
Figure 4.22 shows SEM cryo-fracture cross-sections (experimental details in Materials and 
Methods) in which CC = 0.10 and 0.35 for  = 0.4. 
Figure 4.22. Cryo-fractured SEM images of Poly(styrene-co-butyl acrylate)/Calcium 
Carbonate blends in which  = 0.4 where CC = 0.10 (A) and 0.35 (B). Dashed line highlights 
continuity of the polymer phase. The paths are longer in (A) compared to (B). Encapsulation 
of some individual polymer spheres are highlighted with dashed circles in (B). 
 
Figure 4.22 shows that when CC = 0.1 that continuous paths of polymer are present, with 
dispersed filler particles not preventing coalescence occurring across most polymer particle 
boundaries. When CC = 0.35, the increased volume of filler particles results in encapsulation 
of single, or small groups of, polymer spheres preventing continuous coalescence across 
particle boundaries through the entire film. The difference in structure at high and low CC, 
when  = 0.4, is represented schematically in figure 4.23. 
 
A B 
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Figure 4.23. Schematic diagrams of polymer/calcium carbonate blends.  = 0.4 (to scale) at 
(A) low CC and (B) high CC. Polymer spheres are blue and calcium carbonate fillers are 
yellow. 
 
 
Figure 4.24 shows SEM cryo-fracture cross-sections in which CC = 0.20 and 0.35 for  = 26. 
Figure 4.24. Cryo-fractured SEM images of Poly(styrene-co-butyl acrylate)/Calcium 
Carbonate blends in which  = 26 where CC = 0.20 (A) and 0.35 (B). 
 
Figure 4.24 shows that when  = 26 and CC = 0.2, the calcium carbonate particles are well 
dispersed within the polymer matrix, with the polymer matrix forming a continuous medium. 
Conversely, when CC = 0.35, the calcium carbonate particles, while remaining well 
dispersed, form many filler-filler interactions as the volume fraction of the polymer phase is 
not sufficient to completely surround the calcium carbonate particles and form a continuous 
medium. The difference in structure at high and low CC, when  = 26, is represented 
schematically in figure 4.25. 
A B 
5 µm 5 µm 
A B 
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Figure 4.25. Schematic diagrams of polymer/calcium carbonate blends.  = 26 
(approximately to scale) at (A) low CC and (B) high CC. Polymer spheres are blue and 
calcium carbonate fillers are yellow. 
 
Having identified differences in structure occurring due to size ratio, dynamic mechanical 
analysis temperature sweeps from -60°C to 60°C were undertaken to investigate the 
materials’ linear viscoelasticiy over a broad range of temperatures. This analysis was carried 
out for all values of  with CC values of 0.2 and 0.35 without Texanol (Figures 4.15 and 
4.16) and with 10 wt.% Texanol (Figures 4.17 and 4.18).  
 
A B 
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The DMA plots highlight differences in storage modulus due to variations of the particle size 
ratio. It is clear that when  = 0.4, the storage and loss moduli are higher relative to when  ≥ 
4; this is particularly apparent at high temperatures and when CC = 0.35. To analyse the 
DMA data (Figures 4.15 – 4.18) in greater depth, storage moduli and loss moduli are plotted 
at temperatures relative to their respective Tg ± 20°C in Figure 4.26 without Texanol (4.26 A 
and B) and with 10 wt.% Texanol (4.26 C and D).  
Figure 4.26. Storage modulus at temperatures equal to the Tg and Tg ± 20°C of poly(styrene-
co-butyl acrylate) where (A) CC = 0.2 and (B) CC = 0.35 without Texanol and (C) CC = 0.2 
and (D) CC = 0.35 with 10 wt. % Texanol. The colours represent the various size ratios:  = 
0.4 (red),  = 4 (green),  = 17 (orange),  = 26 (blue). For comparison, data for samples that 
contain no calcium carbonate (CC = 0.00) are also shown (grey). 
Figure 4.26 shows that, when CC = 0.20, all samples experience an increase in storage 
modulus both below, at and above the Tg, relative to when CC = 0.00 Above the Tg the 
increases in the moduli are relatively small. When CC = 0.35, all samples undergo a 
significant increase in storage modulus at all temperatures relative to when CC = 0.20; 
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however this increase is greatest when  = 0.4, in both samples with and without 10 wt. % 
Texanol. 
 
We define an enhancement factor as E’/E’P, where E’P refers to the storage modulus of P(S-
BuA) when CC = 0. Rather than considering the magnitude of the increase in modulus, with 
the addition of calcium carbonate, this parameter considers the proportional change of P(S-
BuA)/calcium carbonate blends at the Tg ± 20°C. Analysing DMA results in this way, allows 
us to determine by what factor the storage modulus P(S-BuA) is increased by increasing CC 
at any given temperature and size ratio. This analysis is shown in Figure 4.28 (without 
Texanol) and Figure 4.29 (10 wt.% Texanol).  
 
Figure 4.27. Enhancement factor at temperatures equal to the Tg and Tg ± 20°C of 
poly(styrene-co-butyl acrylate) where (A) CC = 0.2 and (B) CC = 0.35 without Texanol and 
(C) CC = 0.2 and (D) CC = 0.35 with 10 wt. % Texanol. The colours represent the various 
size ratios:  = 0.4 (red),  = 4 (green),  = 17 (orange),  = 26 (blue).  
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Figure 4.27 shows that when CC = 0.2 or 0.35 enhancement is not affected significantly at, or 
below, the Tg, with all size ratios displaying similar enhancement of a factor of 2 – 4, 
regardless of Texanol content. Above the Tg, a significant enhancement is observed when  = 
0.4. When CC = 0.2, there is an enhancement factor of approximately 50 to 150, when CC = 
0.35, there is an enhancement factor of approximately 600 - 800. When CC is increased from 
0.20 to 0.35, the enhancement factor, above the Tg, is approximately 13 times greater. These 
results represent an enhacement an order of magnitude greater, when  = 0.4, relative to 
when  ≥ 4, at Tg + 20°C. They highlight that, at temperatures above the Tg, a significant 
enhancement in storage modulus can be produced at high volume fractions of filler particles. 
 
 
Following the investigation of temperature dependence in DMA, the viscous and elastic 
components of P(S-BuA)/calcium carbonate blends were investigated via creep analysis of 
samples, in which  = 0.4 and 26, with CC values of 0.10, 0.20 and 0.30, without Texanol at 
30°C (Figure 4.19) and 13°C (Figure 4.20), and with 10 wt.% Texanol at 13°C (figure 4.21). 
The creep data curves were analysed by fitting of Burger’s model to extract parameters. The 
analysis provides values for the instantaneous elastic modulus (EH), the linear viscous 
contribution (N), and the time-dependent the elastic (EK) and viscous (K) components. The 
modeul used to obtain these paramaters is as follows: 
 
εcreep(𝑡) =
𝜎
𝐸𝑀
+
𝜎
𝜂𝑀
𝑡 +
𝜎
𝐸𝐾
(1 − 𝑒𝑥𝑝 (−
𝐸𝐾
𝜂𝐾
𝑡))    (7) 
 
Examples of the fits obtained from fitting Burger’s model to the creep data are shown in 
Figure 4.28. 
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Figure 4.28. Representative creep fits using Burger’s model for (A) CC = 0.20,  = 0.4, 
without Texanol at 30°C and (B) CC = 0.1, a = 26 at 30°C. Purple crosses show data points; 
blue line shows the Burger model fit. Time is in seconds and strain is shown as ∆L/L. Inset 
shows values calculated for each parameter. 
 
Figure 4.29 shows the values obtained from fitting Burger’s model to creep curves obtained 
at 30°C for samples without Texanol. 
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Figure 4.29. Values obtained from Burger’s model showing (a) EH, (b) EK, (c) k and (d) N 
as a function of CC where  0.4 (blue) and = 26 (orange). T = 30°C. 
 
Figure 4.29 shows that the moduli and viscosities increase as CC is increased. Both moduli 
and viscosities have a sharp increase above CC = 0.1 when  = 0.4 and above CC = 0.2 when 
 = 26. It is also highlighted that moduli and viscosity reach greater values when  = 0.4 than 
when  = 26. 
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Figure 4.30 shows the values obtained from fitting Burger’s model to creep curves obtained 
at 13°C for samples with 10 wt.% Texanol.  
Figure 4.30. Values obtained from Burger’s model showing (a) EH, (b) EK, (c) k and (d) N 
as a function of CC where a 0.4 (blue) and a = 26 (orange). T = 30°C. 
 
Figure 4.30 shows that, for samples containing 10 wt.% Texanol, the moduli and viscosities 
increase as CC is increased. Both moduli and viscosities have a sharp increase above CC = 
0.1 when  = 0.4 and above CC = 0.2 when  = 26. It is also highlighted that the moduli and 
viscosity reach greater values when  = 0.4 than when  = 26. 
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Figure 4.31 shows the values obtained from fitting the Burger’s model to creep curves 
obtained at 13°C for samples without Texanol.  
Figure 4.31. Values obtained from Burger’s model showing (a) EH, (b) EK, (c) k and (d) N 
as a function of CC where  = 0.4 (blue) and  = 26 (orange). T = 13°C. 
 
Figure 4.31 shows that, below the polymer’s Tg, there are large increases in both moduli and 
viscosity with increments in CC. With the exception of  = 0.4 when CC = 0.3, the increases 
in moduli and viscosity are almost linear with increasing CC. When CC = 0.3, we must 
remember that the overall strain is very low (below 0.1 %) resulting in reasonably large 
errors, thus making Burger’s model harder to fit accurately. 
 
To analyse these findings further, the ‘enhancement’ in the parameters presented were 
calculated by dividing the reported value of a parameter at any given value of CC by the 
reported value of that parameter when CC = 0.0. This allows us to interpret the data in terms 
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of relative increase in a parameter, as was done with the interpretation of the DMA data. This 
analysis is shown in Figures 4.32 and 4.33. 
Figure 4.32. Enhancement factor of the linear components of the Burger’s model, EH (left 
column) and n (right column), for P(S-BuA)/calcium carbonate composites as a function of 
CC for non-plasticised samples at T = 30°C (top row) and plasticised samples at T = 13°C 
(bottom row). Data are presented for two different size ratios:  = 0.4 (red) and  = 26 (blue). 
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Figure 4.33. Enhancement factor of the viscoelastic components of the Burger’s model, EK 
(left column) and K (right column), for P(S-BuA)/calcium carbonate composites as a 
function of CC for non-plasticised samples at T = 30°C (top row) and plasticised samples at T 
= 13°C (bottom row). Data are presented for two different size ratios:  = 0.4 (red) and  = 
26 (blue). 
 
Figures 4.32 and 4.33 highlight that the relative increases for any parameter are greater when 
 = 0.4, than when  = 26. It also highlights that, while both size ratios undergo a significant 
increase in all parameters at high CC, this occurs at lower CC when  = 0.4 rather than when 
 = 26. This result is consistent with fracture occurring at lower CC when  is small and the 
greater enhancement observed in DMA analysis when  < 1. 
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To summarise this research, a collation of all the average toughness as a function of Young’s 
modulus (both calculated from stress-strain curves) is presented graphically (Figure 4.34). 
These two parameters are chosen as a composite with a high modulus and high toughness (for 
which a material must be both ductile and have a high modulus) would be one in which 
inorganic fillers could be added to improve the strength, without reducing the ductility of the 
material. Fracture energy is calculated at the point of fracture or 200% strain (whichever 
occurs first) for any individual sample. Therefore we note that the actual fracture energy of 
some samples may be higher than that presented in Figure 3.34. 
 
Figure 4.34. Average elastic modulus (MPa) as a function of average toughness (Jm-3) of 
samples without Texanol at 30°C (outline), with Texanol at 13°C (no outline) and without 
Texanol at 13° (outline, patterned symbol), where  = 0.4 (round symbols), 4 (square 
symbols), 17 ( triangle symbols) and 26 (diamond symbols). CC = 0 (black symbols), 0.1 
(red symbols), 0.2 (blue symbols), 0.3 (yellow symbols). Data in which one or mare samples 
strained beyond 200%, are circled with a dashed line. 
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Figure 4.34 can be considered a ‘master plot’ to summarize all the samples included in 
Section 4. If we consider all the samples without Texanol at 13°C (patterned symbols), they 
are generally positioned close to the y-axis with a range of relatively high Young’s moduli. 
While at low temperatures, they have a very high modulus, a lack of ductility means that they 
also exhibit a very low overall toughness. If we consider the samples at 30°C and 13°C with 
Texanol (no outline and outline), a range of toughness’ are observed, ranging from close to 0 
Jm-3 when particle loading is high and size ratio is small, to close to 14 Jm-3 at intermediate 
particle loading values. While the toughness can be increased considerably, the elastic 
modulus does not increase considerably. The positioning of the points on the graph highlights 
that there must be a trade-off between toughness and modulus; it is not possible to have both 
properties very high in these colloidal composite systems. Ultimately the best comination of 
Young’s modulus and toughness was seen when a = 0.4 at 30°C at CC values of 0.1 and 0.2. 
Increasing CC to 0.3 for this sample resulted in increased modulus, but a total loss of 
toughness. 
 
4.4 Conclusions 
 
This systematic study highlights key differences in the mechanical properties of P(S-
BuA)/Calcium Carbonate blends, as a direct result of size ratio effects. Investigations into 
fracture properties show that when  = 0.4, embrittlement of films (which is expected when 
filler particles create percolating, or continuous, networks, which act as weak points upon 
which fracture may begin) occurs at lower values of CC, than when  ≥ 4. Unsurprisingly, 
when the experimental temperature was reduced to 13°C (below Tg), all samples exhibited 
brittleness, even without any calcium carbonate present. Having said this, addition of calcium 
carbonate, even at a low volume fraction, reduced the average strain at failure for all size 
ratios. In a brittle matrix, calcium carbonate acts as points of weakness, essentially holes, 
where fracture may occur. At 13°C, the addition of 10 wt.% Texanol was found to restore the 
mechanical properties, to be strikingly similar to those observed at 30°C. Embrittlement at 
lower values of CC when  = 0.4, was also found for plasticised samples at 13°C.  
 
At both 30°C and 13°C (with 10 wt.% Texanol), the embrittlement occurring at lower loading 
when the filler particles are smaller than the latex particles, compared to when the filler 
particles are larger than the latex particles, is attributed to the structure that occurs at a low 
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size ratio. The structures that occur at low and high size ratio are shown schematically in 
Figures 4.23 and 4.25. This highlights the need for manufacturers of polymer composites to 
understand how the size of filler particles will affect the structure of a composite, and how 
this may affect the resultant mechanical properties.  
 
In addition to investigation into the fracture properties, the viscoelastic properties were also 
investigated through dynamic mechanical analysis and creep experiments. Both DMA and 
creep analysis show the reinforcement effects that the addition of inorganic filler particles 
introduce in latex blends. More significantly, however, they highlight that the reinforcement 
effect (exhibited as slower strain in creep experiments) is greater when the filler particles are 
smaller than the latex particles. This highlights some important considerations for industry, in 
particular coatings manufacturers, in that the size of the filler particles must be carefully 
considered. If filler particles are being used to reduce costs, the manufacturer will likely wish 
to maximise the filler particle content, without inducing brittleness; in such a situation large 
filler particles (relative to the latex) are preferable. Conversely, if filler particles are being 
added to enhance the viscoelastic properties, for instance as a reinforcing agent, then small 
filler particles are preferable, as significant reinforcement can be achieved with low volume 
fractions of filler.
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5. Summary and Future Work 
 
5.1 Summary 
This thesis has focussed on the structure and properties of nanostructured colloidal films, 
either in the form of soft/hard latex blends, or latex/filler composites. The reasoning behind 
focussing on these blends is to improve the design and formulation of functional latex films 
and coatings. Various techniques have been employed to study particle ordering in colloidal 
films, with a particular emphasis on how size ratio can affect the final structure of a colloidal 
film. I have been able to produce strong experimental evidence that stratification can be 
controlled in colloidal films, specifically through use of the ZJD model. I have also 
demonstrated how size ratio affects the structure of composites, both those comprised of 
hard/soft latices and those comprised of soft latices/inorganic filler particles. Further to this I 
have been able to highlight how these structures affect the mechanical properties of the final 
colloidal film.  
 
In Chapter 2, I presented the first experimental test of the ZJD model presented by Zhou et 
al52. It was demonstrated that stratification in dilute dispersions of binary latices is readily 
achievable, and controllable using the parameters defined in the ZJD model. This finding is a 
step towards the design of functional stratified latex films. I then tested the model at a higher 
total concentration (S + L = 0.4), which is more applicable to industrial applications of latex 
coatings. In this regime, we found that, as expected in a system prone to particle jamming, the 
ZJD model could not accurately predict stratification. However, I was still able to develop 
stratified coatings, in a regime such that the parameters of size ratio and Peclet number are 
pushed suitably high.  
 
In Chapter 3, I investigated particle ordering and the brittle transition in hard/soft latex 
blends, using the same materials used in Chapter 2, plus an additional 350 nm hard polymer 
particle. Investigating three size ratios, I identified three different ordering regimes, through 
AFM imaging. These regimes are substitution ( = 1), disorder ( = 2) and filling ( = 7). 
Substitution occurs when the two species of particles are close enough to  = 1 that any 
particle can fit anywhere in an FCC/HCP structure. Filling occurs when one species of 
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particle is small enough to fill the interstitial voids between large particles. Disorder occurs 
when one species of particle is too small to fill the interstitial voids, but not large enough to 
fit into the FCC/HCP structure. I produced a quantitative order analysis, from AFM images, 
of each size ratio as a function of the volume fraction of hard particles.  
 
I then, using a tensile apparatus, investigated the fracture properties of latex blends, in which 
 = 1 or 7, as a function of hard particle volume fraction; these values were selected for 
testing as they produced regimes which exhibit regular order, rather than disorder.  Two 
distinct transitions from ductile to brittle fracture were observed. When  = 1, a sudden 
transition to brittleness was observed, in which ductility was unaffected until the percolation 
threshold was reached, around H = 0.3. At this size ratio, percolating hard particles act as 
lines of weakness where fracture may occur. When  = 7, a gradual transition from ductile to 
brittle was observed, with small increases in particle loading resulting in small decreases in 
average strain at failure.  This result is attributed to small particles filling the interstitial voids 
between large particles, resulting with reduced soft-soft particle contact areas with each 
increase in particle loading. Brittleness occurs when soft-soft contact points are negligible. 
 
In Chapter 4, I used the same fracture analysis as used in Chapter 3, to investigate the fracture 
properties of latex/calcium carbonate composites. I also employed dynamic mechanical 
analysis, creep analysis and SEM analysis to investigate the viscoelastic properties and 
composite structure further. For this investigation, latex was blended with calcium carbonate 
at increasing volume fractions; four calcium carbonate:latex size ratios  ( = 0.4, 4, 17 and 
26) were used. Samples underwent tensile analysis at 30°C and 13°C. The blends were 
recreated again, with the addition of Texanol (a plasticiser) to reduce the Tg to ~ 5 °C.  
 
The stress-strain analysis, investigating fracture, showed that, when  = 0.4, i.e. when the 
filler particles are smaller than the latex particles, that the transition from ductile to brittle 
occurs at a lower volume fraction, relative to when the filler particles are larger than the latex 
particles. This was the case for both non-plasticised samples at 30 °C and plasticised samples 
at 13 °C. Unsurprisingly, non-plasticised samples at 13 °C (below its Tg) all exhibited 
brittleness regardless of their filler content. This difference is attributed to the different 
structures which occur as a result of the size ratio. When the filler particles are smaller than 
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the latex particles, continuity of the filler particles occurs at a lower volume fraction than 
when the filler particles are larger than the latex particles. 
 
These two opposing structures were also found to affect the mechanical properties of the 
composites. Dynamic mechanical analysis showed that the storage modulus was significantly 
higher when  = 0.4, than for any other size ratio; this difference was even greater at high 
values of CC. Creep investigations also revealed greater mechanical reinforcement when  = 
0.4, than when  = 26. It was found that, for any given value of CC, strain was slower when 
the filler particles are smaller than the latex particles, rather than when the opposite was true. 
The results of Chapter 4 were concluded with a ‘master curve’, which shows the relationship 
between Young’s modulus and toughness. This graph highlights that, when designing 
composites, one can have a high Young’s modulus or a high toughness, but (at least in these 
colloidal composite systems) not both. 
 
Overall, this work has highlighted the importance of size ratio when designing latex films or 
composites, for controlling both the structure and the properties. We have shown that, 
through adjustment of the size ratio, one can control the mechanical properties and structure 
of colloidal films and composites.  
 
5.2 Potential Future Work 
 
In Chapter 2, we provided strong experimental evidence that shows that stratification in 
colloidal films is not only possible, but controllable with relative ease. Following this chapter, 
there are two clear paths for potential future work:  
 
 To improve understanding and control of stratification further 
 To design and formulate stratified films with some kind of functionality 
 
There is still a lot of work to do in the field of stratification, to truly understand how it can be 
controlled fully. The ZJD model has proved to be an excellent step forward, with it being able 
to predict, with excellent accuracy, stratification in dilute concentrations. Having said this, 
this work has shown that the ZJD model cannot be applied to more concentrated dispersions, 
which are more relevant for practical use.  
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To resolve this, I would propose an experiment in which two species of particles are blended 
in such a way that a dilute colloidal dispersion will stratify according to the ZJD model, then 
with subsequent dispersions increase the concentration while keeping the proportion of small 
and large particles constant. An experiment of this kind would help with the understanding of 
when a film is too concentrated that particle jamming occurs before stratification occurs. It is 
possible that the ZJD model could be extended to take into account the initial concentration, 
which must related to the time until particle jamming occurs. If this were achieved, the ZJD 
model could become applicable for all colloidal dispersions, regardless of dilution. 
 
The other strand of future work that must be considered, is applying the data and 
understanding that we have developed during this project to formulating colloidal films with 
some form of functional use. A reasonable starting point would be to design a stratified latex 
films with a scratch resistant surface, with soft, adhesive bulk properties. This could be 
achieved by blending small particles with a very high Tg, with soft large particles with a very 
low Tg. An alternative proposal is to use develop a stratified surface of hydrophobic particles. 
These are proposed as the final properties of the films are relatively easy to assess 
quantitatively, using scratch tests to analyse a scratch resistant surface, or water contact angle 
measurements to investigate a hydrophobic surface. 
 
Both the investigation into stratification and the investigation, in Chapter 3, into structure and 
properties of hard/soft latex blends could be advanced through the use of Cryo-SEM. In an 
investigation into structures of colloidal materials, the ability to image the dispersion at 
various stages of the drying process would provide data on the route to a structure being 
formed, from the moment the film is cast up to the point at which the final structure is 
formed. An alternative to Cryo-SEM would be to employ super-resolution microscopy, which 
may also be able to visualise the processes of stratification and particle packing in the wet 
state. 
 
Chapter 3 could be extended further through an investigation into an ‘inverted structure’; this 
would be a system with a large size ratio, however, the small species would be the soft 
particle, while the large species would be the hard particle. In such a system, one may assume 
that the same structure would develop, with the small soft particles filling the interstitial 
voids between the large hard particles. A researcher investigating this would want to consider 
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the volume fraction at which the small soft particles create a continuous network, preventing 
hard-hard contacts. It would be interesting to see how the facture properties compare to those 
of the hard/soft blends investigated in this thesis.  
 
In Chapter 4, the effect of interfacial surface energy was not investigated, in order to focus 
the investigation on structural effects. This may be of particular interest, as in a filler-polymer 
composite, we may be able to further enhance mechanical properties if we can promote 
interfacial adhesion between filler and polymer. It is also likely that, again, size ratio would 
play a key role in the effect of interfacial adhesion, due to increased surface area of smaller 
filler particles. In order to fully understand how best to enhance a composite’s mechanical 
properties, or reduce brittles, it is necessary to understand both the structural effects and the 
effects of interfacial adhesion. 
 
When we consider the likely uses for latex/inorganic filler composites, the most significant 
one is possibly as a coating material, either to bind something to a substrate, or to protect a 
substrate. For these applications, it is likely that thinner films would be preferable than those 
used in this project. In such cases, the size of the filler particles could have significant effects 
on the final properties of the coating, further than the properties which are discussed in this 
thesis. In very thin coatings, of particular interest would be how/if the film thickness:filler 
particle size ratio affects the film properties at ratios at, above and below 1:1. There are many 
things that would be of interest when studying such thin films, such as filler particle pull out, 
film roughness and blocking properties. These thin coatings are of particular relevance for 
agrochemical applications5, in which a sparse amount of binder polymer is used. 
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Appendix 
Here I am showing reliability plots, obtained through a Weibull analysis for P(S-
BuA)/calcium carbonate composites. , CC and temperature, T, are inset for each plot. ‘+ 
Tex’ indicates that 10 wt.% Texanol was added to the latex prior to casting. 
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Calcium Carbonate Size Distributions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Above are size distribution graphs for each size of calcium carbonate used in Chapter 4 of 
this thesis.  These graphs are reproduced from data sheets provided by the manurfacturer. 
0.07µm 0.7µm 
3 µm 4.5 µm 
